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Abstract. We review the current status of spin-averaged and spin-dependent parton
distribution functions (PDFs) of the nucleon. After presenting the formalism used to
fit PDFs in modern global data analyses, we discuss constraints placed on the PDFs
by specific data types. We give representative examples of unpolarized and polarized
PDFs and their errors, and list open questions in global QCD fitting. Finally, we
anticipate how future facilities, with fixed-target and collider experiments, may impact
our knowledge of PDFs and reduce their uncertainties.
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31. Introduction
Quantum Chromodynamics, the theory describing the interactions of quarks and gluons,
has been shown to provide excellent descriptions of a wide variety of phenomena ranging
from hadron spectroscopy via lattice field theory to hard scattering phenomena via
perturbation theory. Yet QCD is a theory whose degrees of freedom are the quarks and
gluons – quanta that can not be observed directly due to their confinement in hadrons.
On the other hand, experiments deal with hadrons and leptons. In order to calculate
observables measured in high energy scattering processes a technique is needed that
allows conversion from a description in terms of hadrons to one in terms of quarks
and gluons (collectively referred to as partons). For hadrons in the initial state this
conversion is provided by parton distribution functions (PDFs), while for final state
hadrons a similar role is played by parton fragmentation functions. The PDFs, denoted
by fi(x), for each type of quark and antiquark and for the gluon (i = q, q¯, g), allow one
to essentially describe a beam of hadrons as an effective beam of quarks and gluons.
In the infinite momentum frame, the PDFs can be interpreted as probability densities
describing how the parent hadron’s momentum is shared amongst the different types of
partons, as a function of the hadron’s momentum fraction x. With knowledge of the
PDFs and the Feynman rules for QCD, one can calculate hard scattering cross sections
and differential distributions that can then be compared to data.
PDFs are traditionally determined by simultaneously fitting a wide variety of data
for large momentum transfer processes. The parameters of the fits describe the PDFs
at some initial momentum transfer scale, while evolution equations are then used to
calculate the PDFs at all other scales needed for the calculations. The data sets used
for such fits often include deep inelastic scattering (DIS) of charged leptons on proton
and deuterium targets, or neutrinos on heavy nuclear targets, lepton pair production on
proton and deuterium targets, and the production of photons, vector bosons, or jets at
large values of transverse momentum.
While the PDFs provide us with a detailed description of the partonic substructure
of hadrons, they contain only partial information. Partons (both quarks and gluons)
have nonzero spin, so that the fundamental distributions in nature are the PDFs
for a specific helicity (spin projection along the direction of motion), f ↑i and f
↓
i ,
corresponding to parton spins aligned and antialigned with that of the hadron,
respectively. Experiments with unpolarized beams and targets are therefore sensitive
only to the sums of the helicity PDFs, fi = f
↑
i +f
↓
i , while information on the differences,
∆fi = f
↑
i − f ↓i , can be obtained from measurements involving polarized beams and/or
targets.
It is the purpose of this topical review to give a current “snapshot” of the status of
our knowledge of PDFs, both unpolarized and polarized. To this end, brief reviews of
both the theory and the types of data used in the fits will be presented, and theoretical
issues that need to be addressed in the perturbative calculations will be outlined.
Throughout this review we shall attempt to answer the question “what do we know
4and how do we know it?” Recently there have been several excellent reviews of PDFs
[1, 2, 3], updating the early treatises of PDFs in Refs. [4, 5], which have focused on
various aspects of unpolarized PDFs, such as the impact on the phenomenology of
the Large Hadron Collider (LHC). The spin structure of the nucleon, including spin-
dependent PDFs, was also reviewed in Refs. [6, 7, 8]. The present pedagogical review
should be viewed as complementary to these efforts, emphasizing the different aspects
of hadron structure that can be revealed through the study of unpolarized and polarized
PDFs, at both small and large parton momentum fractions x.
There is an old saying in experimental particle physics that “today’s discovery
is tomorrow’s calibration.” A similar effect occurs for theoretical calculations. What
was once touted as a test of QCD, now often plays the role of providing a description
of backgrounds for searches for new types of particles. Of course, one wants these
calculations to be as accurate as possible and this, in turn, requires precise knowledge
of the PDFs that enter into the calculation. The error estimates on PDFs will be
discussed at some length for this reason. On the other hand, there are many aspects of
hadron structure that are currently not understood well, or at all, either theoretically
or experimentally, and clearly identifying and delineating the limits of our knowledge in
the context of global PDF fits serves a valuable purpose.
The plan of the review is as follows. Sec. 2 contains an overview of the necessary
QCD theory required to understand the results of global fits. Sec. 3 contains the review
of unpolarized PDFs, while Sec. 4 summarizes the status of polarized PDFs. Finally,
Sec. 5 provides some speculations as to how our knowledge of PDFs may be improved
through anticipated results of ongoing and future experiments.
2. QCD Analysis
As noted in the introduction, PDFs are necessary ingredients for obtaining predictions
for hard scattering hadron–hadron and lepton–hadron processes. The cross section for a
typical hadron–hadron process involving collisions of hadrons A and B, with momenta
pA and pB, respectively, producing a state C in addition to other hadrons (collectively
denoted by X), can be written in the form
σAB→CX(pA, pB) =
∑
a,b
∫
dxa dxb fa/A(xa, µf ) fb/B(xb, µf )
×
∑
n
αns (µr) σˆ
(n)
ab→CX (xapA, xbpB, Q/µf , Q/µr) , (1)
where σˆ(n) denotes an n-th order parton–parton “cross section” that produces the desired
final state, and the functions fa/A and fb/B are the PDFs of flavor a in hadron A and
flavor b in hadron B, respectively. The state C might denote a high-pT jet, a lepton pair,
a photon or weak vector boson, for example, and Q is a scale that characterizes the hard
scattering. For high-pT jet or photon production the scale Q ∼ pT . The form (1) can
also be applied to the case when the hadrons A and B are polarized; in the remainder of
this section, however, we shall for illustration focus primarily on the unpolarized case.
5The parton-level cross sections will generally possess ultraviolet singularities that
must be renormalized. Doing so leads to the introduction of the running coupling αs(µr)
which depends on a renormalization scale µr. There can also be infrared singularities
associated with loop graphs; these will cancel corresponding singularities from the
emission of real soft gluons, provided that the observable is suitably defined, i.e., that
it is “infrared safe.” Finally, there will be collinear singularities associated with, in
this case, the initial partons emitting additional partons at zero angle. These collinear
configurations correspond to internal propagators going on-shell and, as such, correspond
to long-distance physics. Such singular terms can be factorized and absorbed into the
PDFs. This process introduces a factorization scale, µf , that separates the long-distance
and short-distance hard scattering physics.
As shown in Eq. (1), the partonic hard scattering cross section can be expanded in
powers of the running coupling. The dependence on µr that enters via the running
coupling cancels that which appears in the partonic cross sections. Similarly, the
dependence on µf in the PDFs cancels against the µf dependence in the partonic
cross sections. These cancellations represent the fact that the physical cross section,
if calculated to all orders in perturbation theory, should not depend on the two scales
introduced to control the ultraviolet and collinear singularities. However, at any fixed
order in perturbation theory these cancellations will only be approximate. Indeed, at
order αms one has the relations
µ2f
∂σAB→CX
∂µ2f
= 0 +O(αm+1s ), µ2r
∂σAB→CX
∂µ2r
= 0 +O(αm+1s ). (2)
These results suggest that the dependence on the renormalization and factorization
scale choices will decrease as one carries out the perturbative calculations to higher
order. This is indeed the case for the processes typically used in global fits for PDFs.
(If a new kinematic configuration opens up at a higher order, then the corrections at
that order can be large. This happens when going from LO to NLO for heavy quark
production, for example, in which case the scale dependence can actually increase at
that order. The reduction then occurs at the next order.) These processes are all known
to at least NLO and some to NNLO, as will be discussed below. In principle, the two
scales µr and µf can be chosen independently. However, in processes where there is
one large scale characterizing the hard scattering it is often the case that the choice
µf = µr ≡ µ is used. This simplifying choice will be utilized in the results discussed in
the sections to follow.
2.1. Running coupling
The dependence on the renormalization scale of the running coupling is governed by the
QCD β function via the renormalization group equation,
µ2r
∂αs(µ
2
r)
∂µ2r
= β(αs(µ
2
r)). (3)
6The QCD β function is calculable in perturbation theory and can be written as
β(αs) = −b0α2s − b1α3s − b2α4s +O(α5s), (4)
where the coefficients for nf flavors are
b0 =
33− 2nf
12pi
, (5)
b1 =
153− 19nf
24pi2
, (6)
b2 =
77139− 15099nf + 325n2f
3456pi3
. (7)
The strong coupling αs calculated using the expression for β in Eq. (4) with terms
up to bn is referred to as the (n + 1)−loop running coupling. LO calculations retain
only b0, while NLO calculations retain b1, and NNLO calculations retain also b2.
Note that the β function is negative, resulting in a decrease of αs with increasing
scale, a phenomenon known as asymptotic freedom. This behavior is essential for the
applicability of perturbation theory for hard scattering processes.
2.2. Q2 evolution
In Eq. (1) both the PDFs and the partonic cross sections depend on the factorization
scale µf . As seen in Eq. (2), this scale dependence cancels up to the order of perturbation
theory used. This fact allows one to calculate the µ2f dependence of the PDFs. Indeed,
the singularities associated with collinear parton emission are universal and factorize
from the hard scattering subprocesses. The factorization scale dependence of the parton
distributions is then also universal, reflecting the independence of physical quantities on
the scale µf . This leads to the Q
2 evolution, or renormalization group equations (RGE),
µ2f
∂fi(x, µ
2
f )
∂µ2f
=
∑
j
∫ 1
x
dy
y
Pij
(
x
y
, µ2f
)
fj(y, µ
2
f ) =
∑
j
Pij ⊗ fj, (8)
where the Bjorken x variable is (related to) the longitudinal momentum fraction of
the partons. The evolution kernels Pij or “splitting functions” stem from the collinear
divergences absorbed in the distributions and represent the (collinear) resolution of a
parton i in a parton j. They are calculated perturbatively as a series expansion in
αs(µ
2
f ),
Pij
(
x
y
, µ2f
)
=
∞∑
m=0
(
αs(µ
2
f )
2pi
)m+1
P
(m)
ij
(
x
y
)
. (9)
At present these have been computed up to 3 loops (m = 2), which is the necessary
accuracy for a NNLO analysis.
The evolution of spin-dependent PDFs ∆fi follows in a similar manner, with a
corresponding set of spin-dependent splitting functions ∆Pij. In this case the splitting
functions have been computed to 2 loops, enabling analyses to be performed at NLO
accuracy.
72.3. Hard scattering processes
2.3.1. Lepton–hadron deep-inelastic scattering. Traditionally, information on the PDFs
of the nucleon has come from the process of deep-inelastic scattering (DIS) of leptons
from protons or nuclei, beginning with the pioneering experiments at SLAC in the late
1960s. In the one-boson exchange approximation, the differential DIS cross section can
be written as a product of lepton and hadron tensors,
d2σ
dΩdE ′
=
α2
Q4
E ′
E
∑
j
ηj L
j
µνW
µν
j , (10)
where α is the fine structure constant, Ω = Ω(θ, φ) is the laboratory solid angle of
the scattered lepton, and E(E ′) is the incoming (outgoing) lepton energy. For neutral-
currents, the summation is over j = γ, Z and the interference γZ, while for charged-
currents only W± exchange contributes. The leptonic tensor Lµν depends on the charge
e = ±1 and helicity λ = ±1 of the lepton,
Lγµν = 2
(
kµk
′
ν + k
′
µkν − gµνk · k′ − iλεµναβkαk′β
)
,
LZµν = (g
e
V + eλg
e
A)L
γZ
µν = (g
e
V + eλg
e
A)
2 Lγµν , (11)
LWµν = (1 + eλ)
2 Lγµν ,
where k and k′ are the initial and final electron momenta, and geV = −1/2+2 sin2 θW and
geA = −1/2 are the electron vector and axial-vector charges, respectively. The factors
ηj in Eq. (10) denote the ratios of the corresponding propagators and couplings to the
photon propagator and coupling squared [9]
ηγ = 1, ηZ = η
2
γZ =
(
GFM
2
Z
2
√
2piα
)2
1
(1 +M2Z/Q
2)2
,
ηW =
1
2
(
GFM
2
Z
2
√
2piα
)2
1
(1 +M2W/Q
2)2
, (12)
where GF is the Fermi weak interaction coupling constant, and MW is the W boson
mass.
The hadronic tensor Wµν contains all of the information about the structure of
the hadron target. Using constraints from Lorentz and gauge invariance, together with
parity conservation, it can be decomposed into spin-independent and spin-dependent
contributions,
Wµν = − g˜µν F1(x,Q2) + p˜µp˜ν
p · q F2(x,Q
2) + iεµναβ p
αqβ F3(x,Q
2)
+ iµναβ
qα
p · q
[
sβ g1(x,Q
2) +
(
sβ − s · q
p · q p
β
)
g2(x,Q
2)
]
, (13)
where pµ and qµ are the nucleon and exchanged boson four-momenta, g˜µν = gµν−qµqν/q2,
and p˜µ = pµ − (p · q/q2)qµ. The nucleon polarization four-vector sβ satisfies s2 = −1
and p · s = 0.
For spin-averaged scattering, the nucleon structure is parametrized in terms of
the vector F1 and F2 structure functions, and the vector-axial vector interference F3
8structure function, which requires weak currents. These are generally functions of two
variables (such as x and Q2), but become functions of x only in the Bjorken limit, in
which both Q2 and ν →∞, but x is fixed. In this limit the F1 and F2 structure functions
become proportional, according to the Callan-Gross relation, F2(x) = 2xF1(x), and in
the parton model are given in terms of quark q and antiquark q¯ distribution functions,
F1(x) =
1
2
∑
q
e2q [fq(x) + fq¯(x)] , (14)
where fq(x) is interpreted as the probability to find a quark of flavor q and charge eq
in the nucleon with light-cone momentum fraction x. At finite energies, the logarithmic
Q2 dependence from the evolution equations described in Sec. 2.2, as well as residual
Q2 dependence associated with power corrections (see Sec. 2.5 below), give corrections
to the simple parton model expectations.
The spin-dependent structure functions g1 and g2 can be extracted from
measurements where longitudinally polarized leptons are scattered from a target that
is polarized either longitudinally or transversely relative to the electron beam. For
longitudinal beam and target polarization, the difference between the cross sections for
spins aligned and antialigned is dominated at high energy by the g1 structure function.
The g2 structure function can be determined with additional measurement of cross
sections for a nucleon polarized in a direction transverse to the beam polarization. In
practice one often measures the polarization asymmetry A1, which is given as a ratio of
spin-dependent and spin-averaged structure functions,
A1(x,Q
2) =
1
F1(x,Q2)
[
g1(x,Q
2)− 4M
2x2
Q2
g2(x,Q
2)
]
. (15)
At small values of x2/Q2, one then has A1 ≈ g1/F1. If the Q2 dependence of the
polarized and unpolarized structure functions is similar, the polarization asymmetry A1
will be weakly dependent on Q2.
In analogy with the unpolarized F1 structure function, in the parton modelthe
structure function g1 can be expressed at LO in terms of differences between quark
distributions with spins aligned (q↑f ) and antialigned (f
↓
q ) relative to that of the nucleon,
∆fq(x) = f
↑
q (x)− f ↓q (x),
g1(x) =
1
2
∑
q
e2q [∆fq(x) + ∆fq¯(x)] . (16)
The g2 structure function, on the other hand, does not have a simple parton model
interpretation. However, its measurement provides important information on the
subleading, higher twist contributions which parametrize long-range nonperturbative
parton-parton correlations in the nucleon (see Sec. 2.5).
2.3.2. Hadron–hadron scattering. As discussed in Sec. 2, the PDFs are universal,
the collinear singularities associated with initial parton collinear emission having been
absorbed into the PDFs. Therefore, the parton distributions appearing, for example,
9in the expressions for DIS structure functions, are the same that describe the structure
of the incoming hadrons in hadronic production. Repeating the general form given in
Eq. (1) (with µf = µr ≡ µ), one has, for spin-unpolarized scattering,
σAB→CX(pA, pB) =
∑
a,b
∫
dxa dxb fa/A(xa, µ) fb/B(xb, µ)
×
∑
n
αns (µ) σˆ
(n)
ab→CX (xapA, xbpB, Q/µ) , (17)
and an analogous expression for the spin-dependent cross section, involving the difference
of cross sections with hadrons A and B polarized in the same and opposite directions,
∆σ ~A~B→CX(pA, pB) =
∑
a,b
∫
dxa dxb ∆fa/A(xa, µ) ∆fb/B(xb, µ)
×
∑
n
αns (µ) ∆σˆ
(n)
~a~b→CX (xapA, xbpB, Q/µ) . (18)
Here ∆fa/A and ∆fb/B are the spin-dependent PDFs for flavor a in a hadron A and
flavor b in a hadron B, respectively, and ∆σˆ(n) is the corresponding spin-dependent
partonic cross section. As indicated in Eqs. (17) and (18), the partonic cross sections
are calculable in fixed–order perturbation theory as series expansions in αs(µ
2), which
starts with different powers depending on the process.
It will be useful for subsequent sections to describe the parton kinematics for several
examples of hadron–hadron processes. Although all processes used in global fits are
known at least to NLO, the LO parton kinematics nevertheless serves as a useful guide
to what region of parton momentum fraction and which combinations of parton flavors
will be constrained by a given set of data.
Consider high-pT dijet production in lowest order where two jets are produced with
approximately balancing transverse momenta pT and rapidities denoted by y1 and y2.
Two-body phase constrains the momentum fractions to be
xa =
xT
2
(ey1 + ey2) and xb =
xT
2
(
e−y1 + e−y2
)
, (19)
where the dimensionless ratio xT = 2pT/
√
s. For centrally produced dijets one sees that
the parton momentum fractions are both approximately xT . However, if one or both of
the jets is produced at far forward or backward rapidity values, then the x range can
be considerably expanded towards large or small values thereby allowing a “tuning” of
the probed x range.
For the case of inclusive production of a jet with transverse momentum pT and
rapidity y there is, at LO, an integration over one of the parton momentum fractions,
say xa, given by
xT e
y
2− xT e−y ≤ xa ≤ 1 with xb =
xaxT e
−y
2xa − xT ey . (20)
Again, one sees that for y near 0 the ranges of the momentum fractions are centered
near xT .
10
Another important class of experiments involves the production of a system of mass
MB, rapidity y, and transverse momentum pT . Examples of such systems include W
±,
Z0, and charged lepton pairs l+l−. The four–momentum of the produced system is
conveniently given as
(E; px, py, pz) ≡ (mT cosh y; pT sinφ, pT cosφ, mT sinh y), (21)
where m2T ≡ M2B + p2T , and φ is the azimuthal angle. The rapidity y and, equivalently,
the Feynman–x variable xF are defined by
y =
1
2
ln
(
E + pz
E − pz
)
, xF =
pz
pmaxz
' 2pz√
s
, (22)
which lead to the relations [10, 11, 12]
xF = 2
√
(τ + p2T/s) sinh y ⇐⇒ y = arcsinh
xF√
4τ + x2T
, (23)
where τ ≡M2B/s ' xaxb.
Depending on the detected final state it is possible to define different cross sections
for hadron–hadron collisions. In the Drell-Yan mechanism [13] a quark from one hadron
and an antiquark from the other one annihilate into an intermediate vector boson (γ∗,
Z0 or W±) which subsequently decays into a lepton pair. For lepton pairs of invariant
mass MB MZ , the process is dominated by virtual photon exchange. The experiments
usually consist of proton (beam)–nucleon (proton or some other nucleus) collisions and
the cross sections are extracted from the detection of muon pairs (dimuon production)
produced in the decay of the virtual photons.
The double differential cross section for lepton pair production at LO is given by
d2σ
dM2B dy
=
4piα2
9sM2B
[∑
q
e2qfq(xa, µ
2) fq¯(xb, µ
2) + (q ↔ q¯)
]
, (24)
where the two parton momentum fractions are given by
xa =
MB√
s
ey and xb =
MB√
s
e−y. (25)
From Eq. (24) one can see that for pp or pd collisions this process is sensitive separately
to sea and valence distributions, in contrast to the neutral current DIS cross sections,
where they enter as q + q¯. Inclusion of the Drell–Yan data in global QCD analyses of
PDFs is in fact instrumental in fixing ratio d¯/u¯ ≈ σpd/σpp − 1 for xa  xb at LO (see
Eq. (40) below). Another alternative is the use of charged current neutrino DIS structure
functions, although this process entails the use of model dependent corrections for the
heavy nuclear targets typically employed in such measurements. Nuclear corrections
can be avoided if one instead uses the time reversed processes such as e±p→ ν¯e(νe)X.
A process closely related to Drell–Yan dilepton production is the hadronic
production of electroweak bosons [11, 12, 14]. For pp scattering, the inclusive production
cross section for W± bosons, for example, is given at LO by
dσ
dy
=
2piGF
3
√
2
∑
q,q¯′
|Vqq¯′ |2 xaxb fq(xa,M2W ) fq¯′(xb,M2W ), (26)
11
where Vqq¯′ are the CKM matrix elements, and the sum runs over all light quark and
antiquark flavors in both hadrons. The production of W+ bosons is then sensitive
primarily to the products u(xa)d¯(xb) + d¯(xa)u(xb), while W
− production is sensitive
to d(xa)u¯(xb) + u¯(xa)d(xb). At large W boson rapidity, or equivalently xa  xb, W±
production is sensitive to the u and d quark PDFs in the proton, respectively. Provided
the antiquark distributions at xb are known to sufficiently accuracy, the W
−/W+ cross
section ratio would then be a clean probe of the d/u PDF ratio, which is presently not
well determined at large xa. Conversely, if the quark PDFs are known in particular
regions of xa,b, then the W
+/W− ratios can also be used to probe the antiquark
distributions.
Similar considerations apply when one or both of the protons are polarized, as
for the case of the spin program at RHIC. For collisions of longitudinally polarized
protons from unpolarized protons, ~p p → W±X, the generalization of Eq. (26) simply
involves replacing one of the quark or antiquark distributions by the corresponding
polarized quark (antiquark) PDF, ∆fq(q¯). Single-spin asymmetries can then constrain
ratios of polarized to unpolarized PDFs, ∆fq(q¯)/fq(q¯), for various flavors, over specific
regions of xa,b (see Sec. 4.2). Double-spin asymmetries, formed by combinations of
inclusive hadron or jet production cross sections in the scattering of polarized protons
from polarized protons, ~p ~p → (hadron or jet)X, have also been studied in order to
constrain the polarized gluon distribution ∆g (see Sec. 4.3).
2.4. Heavy quarks
The treatment of heavy quarks in high-energy processes generally requires more
care than for light quarks. The production mechanism of heavy quarks in DIS is
predominantly the photon–gluon fusion (PGF) process, which makes it particularly
sensitive to the gluon distribution in the nucleon. Although in principle there could exist
an “intrinsic” (initial state) heavy quark content of the nucleon, existing measurements
are well described through “extrinsic” (generated in the hard scattering) heavy quark
production only (cf. [15] and references therein), so that any intrinsic heavy quark
content of the nucleon is small and restricted to large values of Bjorken x (see Sec. 3.5
below).
The natural framework for describing the PGF mechanism is known as the “fixed
flavor number scheme” (FFNS). In this approach the light-quark flavors (u, d, s) and the
gluon are considered as massless partons within the nucleon. This scheme allows one to
compute the contributions of heavy quarks (c, b, t) perturbatively as final-state quantum
fluctuations, taking into account the full dependence of the production cross section on
the mass m of the heavy quark. As is common in the MS renormalization scheme,
the evaluation of the strong running coupling αs(µ
2) is nevertheless based on the usual
variable flavor number scheme for the β–function governing its scale dependence. This
procedure automatically resums the contributions to the strong coupling from heavy
quarks, and consequently improves the stability of the perturbative expansion [16].
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Complete calculations of (heavy–quark) DIS structure functions are presently known
at LO [17, 18, 19, 20] and at NLO [21, 22]. Beyond this, approximations based on
threshold resummation have been made [23, 24] (NNLO* in Sec. 3.5), but thus far the
NNLO coefficient functions are only partially known [25, 26, 27], which constitutes a
major drawback of any precision QCD analysis at NNLO accuracy. Another aspect
of these calculations is the mass definition used; while the original calculations of the
amplitudes employ the pole mass definition, it has been reported [28] that the use of
the running mass definition improves the stability of the perturbative series.
In many situations calculations within the (fully massive) FFNS scheme become
unduly complicated, and in many cases even impossible due to the unknown massive
(m 6= 0) matrix elements at NNLO or even NLO. For this reason it is common to
generate parton distributions in the so-called “variable flavor number scheme” (VFNS),
where the heavy quarks are also considered to be massless constituents of the nucleon.
Here, the required NLO and NNLO cross sections have been computed for a variety
of important production processes, in particular at hadron colliders. In the VFNS
scheme the effective heavy quark distributions are generated perturbatively from the
nonperturbative distributions of light quarks and gluons using the boundary conditions
of Ref. [29], typically at the unphysical “thresholds” Q2 = m2. From there one proceeds
to their renormalization group evolution with an increased number of flavors n = 4, 5
and (eventually) 6.
For situations where the (threshold) invariant mass of the produced system far
exceeds the mass of the interacting heavy flavor in the FFNS, the VFNS predictions
have been shown [30] to deviate from the FFNS typically by about 10%, although
the exact amount depends on the particular process and energy scale. This is usually
within the margins of the renormalization and factorization scale uncertainties and other
theoretical ambiguities related to PDFs. Eventually, one nevertheless has to assume that
these massless “heavy” quark distributions are relevant asymptotically, in that they can
correctly describe the relevant cross sections at scales much larger than the heavy quark
masses involved.
Unfortunately this is not the case for DIS structure functions, for which the strictly
massless approach, known in this context as the zero–mass VFNS, or ZM-VFNS, is well
known to be experimentally inadequate, particularly near the heavy quark production
thresholds. To remedy this the heavy-quark mass effects are re–inserted in what
are known as general-mass VFNSs (GM-VFNS), for which several prescriptions are
available in the literature [29, 31, 32, 33, 34] (see also Ref. [35]). These schemes
interpolate (in a model-dependent way) between the FFNS results near production
threshold and the asymptotic results of the ZM-VFNS. However, since the interpolating
schemes are based on the same massive matrix elements as the FFNS, they do not have
complete information on the O(α3s) heavy flavor Wilson coefficients (even though they
are sometimes referred to as “NNLO GM-VFNSs”).
The importance for global PDF analysis of finite heavy quark mass effects
in the calculation of DIS structure functions had been previously emphasized in
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Refs. [36, 37, 38], but was only universally recognized after the analysis of [39]. Currently
the ABM [40] and JR [41, 42] collaborations use the FFNS for the calculation of
DIS structure functions in their global analyses, while the MSTW [43], CT [44, 45],
HERAPDF [46] and NNPDF [47] groups use variants of GM-VFNS. The calculations
of hadron collider cross sections are carried out in the VFNS in all cases.
2.5. Power corrections
The elegant machinery that has been developed within the framework of perturbative
QCD to analyze leading twist PDFs is, strictly speaking, valid only at high values of
Q2 and W where all hadron mass scales are suppressed, M2/Q2,M2/W 2  1. In real
experiments performed at a finite beam energy E, however, the maximum values of
Q2 and W are limited, which inevitably restricts the available coverage in Bjorken x.
This is especially relevant at large x, where in DIS the invariant mass squared of the
produced hadronic system is given by
W 2 = M2 +Q2
(
1− x
x
)
, Q2 < Q2max = 2MEx, (27)
with M the mass of the target nucleon. For fixed Q2, as x → 1 the final state hadron
mass W decreases as one descends into the region dominated by nucleon resonances at
W . 2 GeV. The resonance region may be treated using the concept of quark-hadron
duality [48], although this goes beyond the scope of the usual pQCD analysis.
In the region of low Q2, power corrections to the Bjorken limit results that scale as
powers of Λ2QCD/Q
2 become increasingly important. In the operator product expansion,
these are associated with higher twist corrections, which arise from multi-parton
correlations and characterize the long-range nonperturbative interactions between
quarks and gluons. Of tremendous interest in their own right as providing glimpses into
the dynamics of quark confinement, the power corrections are viewed as troublesome
backgrounds to efforts aimed solely at extracting leading twist PDFs.
To avoid the complications from the higher twist corrections, the usual strategy
in global PDF analyses is to apply cuts specifying minimum values of Q2 and W 2. In
many analyses of unpolarized scattering data, the cuts are of the order Q2 & 4 GeV2
and W 2 & 14 GeV2 [43, 44, 46, 47, 49], which in practice restrict the range of x that
can be accessed to x . 0.7. For spin-dependent PDFs, the scarcity of high-energy data
forces most global analyses to use less restrictive cuts, of the order Q2 > 1 GeV2 and
W 2 & 4 GeV2. On the other hand, there are a number of important reasons for needing
to know the large-x behavior of PDFs, and several recent unpolarized PDF analyses
[40, 50, 51, 52, 53] have been performed with relaxed cuts of Q2 & (1.3 GeV)2 and
W 2 > 3 GeV2 which have allowed an expanded reach into large x. The improvement
in the large-x kinematic coverage amounts to about 1300 more data points for proton
and deuteron targets, representing some ∼ 50% increase in the total number of DIS
data points compared with the more restrictive cuts. Most importantly, the resulting
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leading twist PDFs fits have proved to be very stable even when such low cuts have
been applied [51].
With the inclusion of the kinematic regions in which subleading 1/Q2 effects play
a non-negligible role, it is obviously crucial to account for the power corrections that
might otherwise obfuscate the leading twist PDFs. Among the different categories of
1/Q2 effects, the simplest are the target mass corrections (TMCs), which are formally
associated with matrix elements of leading twist operators [54, 55, 56, 57] and are
of kinematical origin. Others include genuine higher twist corrections, which arise
from dynamical, multi-parton correlations, as well as higher order perturbative QCD
corrections, which can also resemble power suppressed contributions at low Q2.
The standard method to compute TMCs in DIS is based on the operator product
expansion, and was first formulated by Georgi and Politzer [54], and expressions for
all unpolarized and polarized structure functions now exist in both x and Mellin space
[55, 56, 57, 58, 59]. An alternative method based on collinear factorization (CF) in
momentum space was developed by Ellis, Furmanski and Petronzio [60], and extended
by various authors [58, 61, 62] (see also the recent reviews of TMCs in Refs. [64, 65]).
The advantage of the OPE method is that TMCs can be calculated to all orders in 1/Q2
in DIS, whereas TMCs in the CF approach have only been computed to O(1/Q2). On
the other hand, the OPE is limited to inclusive DIS, while the CF framework can be
applied to computing TMCs also in other processes [62]. Since typically the non-DIS
data are taken at very high Q2 where TMC effects are very small, the OPE method is
usually adopted.
All of the TMC methods also suffer to some extent from the threshold problem,
whereby the target mass corrected structure function remains nonzero as x → 1
[59, 66, 67]. For the purposes of global fits, however, the region where the threshold
effects become problematic is W < 2 GeV [59], which is mostly outside of where even
the most liberal cuts in W and Q2 are made [50, 51, 52]. From the seminal work of
De Ru´jula et al. [68, 69], the appearance of the threshold problem in the analysis of
TMCs is attributed to the neglect of dynamical higher twist corrections, both of which
scale as powers in 1/Q2. (In fact, higher order perturbative QCD corrections can also
resemble power suppressed contributions at low Q2.)
Regardless of their origin, the various power suppressed corrections that are not
included in a leading twist calculation can be absorbed into phenomenological functions;
for example, for an unpolarized structure function Fi,
Fi(x,Q
2) = F LTi (x,Q
2) +
hi(x,Q
2)
Q2
+
h′i(x,Q
2)
Q4
+ . . . , (28)
where F LTi denotes the leading twist contribution including TMCs. The higher twist
corrections are sometimes assumed to be multiplicative, with the functions hi, h
′
i
proportional to the leading twist contribution, hi(x,Q
2) = F LTi (x,Q
2) c(x). Possible
additional Q2 dependence of the higher twist contributions, from radiative αs(Q
2)
corrections, is usually neglected. The leading twist PDFs were found in Ref. [51] to
be essentially independent of the TMC prescription adopted, with the HT parameters
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able to compensate for the variations due to the different TMC formulations. The
isospin dependence of the HT corrections was also studied in Refs. [70, 71, 72, 73].
Existing data do not allow for an accurate determination of the O(1/Q4) corrections
h′i, and attempts to include them in global fits produce anomalously small values of χ
2
and αs(M
2
Z) in conjuction with large compensating twist–4 and twist–6 contributions
[73, 74], possibly due to overfitting and blurring of the scaling violations.
In the polarized case, the greater scarcity of data means that typically one cannot
afford the luxury of Q2 and W cuts as stringent as those applied in some of the
unpolarized PDF analyses. Most global analyses of spin-dependent PDFs therefore
include structure function measurements down to Q2 = 1 GeV2, where higher twist
corrections are believed to be important. The higher twist contributions to g1 and g2
may be treated in an analogous way to the unpolarized Fi structure functions, with
the important difference that the twist–3 contributions to g2 are not Q
2-supressed.
Phenomenological PDF analyses exist which include HT contributions to g1 [75, 76],
g2 [77, 78], and to both functions simultaneously [79]. While the focus in the present
work is on the leading twist PDFs, the higher twist contributions to g1 and g2 are
also of intrinsic interest in themselves, containing information, for example, about the
correlations of color electric and magnetic fields in the nucleon with the nucleon’s spin
[80, 81, 82, 83, 84].
2.6. Nuclear corrections
Since nucleons bound in a nucleus are not free, the parton distributions fAi in a nucleus A
deviate from a simple sum of PDFs in the free proton and neutron, fAi 6= Zfpi +(A−Z)fni ,
where Z is the number of protons. This phenomenon is especially relevant at small
values of x, where nuclear shadowing (or screening) effects suppress the nuclear to free
isoscalar nucleon (N) ratio, fAi /(Af
N
i ) < 1, and at large x, where the effects of Fermi
motion, nuclear binding, and nucleon off-shellness give rise to the “nuclear EMC effect”
[85, 86, 87]. In addition, for spin-dependent PDFs, the different polarizations of the
bound nucleons and nuclei need to be taken into account.
In the nuclear impulse approximation, where scattering is assumed to take place
incoherently from partons inside individual nucleons, the PDF in a nucleus can be
expressed as a convolution of the PDF in a bound nucleon and a momentum distribution
function ϕN/A of nucleons in the nucleus [88, 89, 90]. Coherent rescattering effects
involving partons in two or more nucleons give rise to nuclear shadowing corrections
to the impulse approximation. In general, at large Q2 the PDFs in a nucleus and in a
nucleon are related by
fAi (x,Q
2) =
∑
N=p,n
∫
dz
z
ϕN/A(z) f
N
i (x/z,Q
2)
+ δ(off)fAi (x,Q
2) + δ(shad)fAi (x,Q
2), (29)
where the additive term δ(off)fAi (x,Q
2) represents nucleon off-shell or relativistic
corrections, and δ(shad)fAi (x,Q
2) parametrizes the shadowing corrections. A similar
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expression can be written for spin-dependent PDFs.
The momentum distribution, or “smearing function”, ϕN/A, can be computed from
nuclear wave functions, incorporating nuclear binding and Fermi motion effects. At
Q2 → ∞ the smearing function has a simple probabilistic interpretation in terms of
the light-cone momentum fraction z = (MA/M)(p · q/PA · q) ≈ (MA/M)(p+/P+A ) of the
nucleus carried by the struck nucleon, where p and PA are the four-momenta of the
nucleon and nucleus, respectively, and MA is the nuclear mass. In this case the smearing
function is normalized to unity,
∫
dz ϕN/A(z) = 1. At finite Q
2, however, the smearing
function depends in addition on the parameter γ2 = q2/ν2 = 1 + 4x2M2/Q2, where ν
and q are the energy and three-momentum transfer, respectively, which characterizes
the deviation from the Bjorken limit [90, 91]. Typically, the function ϕN/A is steeply
peaked around z ≈ 1, becoming broader with increasing mass number A as the effects
of binding and Fermi motion become more important. In the limit of zero binding,
ϕN/A(z)→ δ(1−z), and one recovers the free-nucleon case. This is the usual assumption
made in most global PDF analyses.
Recently, several analyses [40, 50, 51, 52, 53] have accounted for the nuclear effects
by explicitly calculating the corrections from microscopic nuclear models, or attempted
to constrain them phenomenologically [92]. The most straightforward calculation is
for the simplest nucleus — the deuteron, for which both nonrelativistic and relativistic
wave functions are available [93, 94, 95], constrained by high-precision nucleon-nucleon
scattering data. Experiments with deuterium targets play a vital role, in fact, in
determining the flavor decomposition of the proton PDFs. Traditionally, the standard
method for disentangling the u and d PDFs has been through charged lepton DIS, which
for a proton target is sensitive at large x to the combination 4u+d. DIS from a neutron
would constrain 4d + u; however, the absence of free neutron targets has necessitated
the use of deuterium as effective neutron targets. While the nuclear corrections in the
deuteron are typically a few percent, in some regions of kinematics, most notably at large
x, they can give rise to large uncertainties in the extracted d quark PDF in particular.
An alternative, purely phenomenological approach [96] has attempted to constrain
the nuclear corrections in deuterium directly from the data. However, without an
independent, high-precision measurement of the d quark PDF from processes other
than inclusive DIS, it is difficult to unambiguously separate the effects of the nuclear
corrections from uncertainties in the d quark PDF, especially at high values x. Until
future experiments (see Ref. [52] for a discussion) are able to determine the d quark PDF
independent of uncertainties in nuclear models, a more practical approach adopted by
the CJ Collaboration [53] has been to produce a set of global PDFs for a range of nuclear
models, corresponding to mild (CJ12min), medium (CJ12mid), and strong (CJ12max)
nuclear corrections in the deuteron.
The current uncertainties in PDFs from nuclear corrections can have important
consequences far beyond the fixed-target experiments where they are encountered most
directly. In fact, the effects of the nuclear smearing corrections are not suppressed
at large Q2, and must be considered at all scales wherever data at x > 0.5 are used
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[51, 97, 98]. Through Q2 evolution, PDFs at large x and small Q2 evolve to lower x and
higher Q2, so that large-x uncertainties in fixed-target experiments can have significant
consequences for collider measurements [99], examples of which were discussed for
selected observables at the Tevatron and LHC in Ref. [100].
For neutrino scattering, in order to increase the relatively low rates and obtain
sufficient statistics, experiments have often resorted to using heavier nuclear targets,
such as iron or lead. This is particularly relevant for determinations of the strange quark
PDF, which is typically extracted from opposite-sign dimuon events in ν and ν¯ charm
production, W+ + s → c or W− + s¯ → c¯ [101, 102]. Such extractions are complicated
by the presence of nuclear corrections in neutrino structure functions [90, 103], as well
as effects of the nuclear medium on the charm quark propagation in the final state [63].
Uncertainties in the strange quark PDF can have significant impact on W and Z boson
measurements at the LHC, for example, so that understanding of the nuclear effects will
have impact far beyond lepton–nucleus DIS [104].
In order to systematically study the nuclear dependence of PDFs, without assuming
specific relations between PDFs in nuclei and nucleons, several groups have parametrized
nuclear PDFs directly [104, 105, 106, 107]. One approach has been to parametrize the
A dependence of the initial proton PDF parameters, and then perform a global fit of
the available hard scattering data on nuclear targets. This implicitly assumes a smooth
A dependence for the PDFs, which is reasonable for large A, but may break down for
light nuclei such as deuterium. An alternative method is to fit to one type of data set
and examine how the results differ from those on proton targets. This can be useful for
testing whether the nuclear corrections are consistent with those obtained from various
data sets. Such comparisons have revealed, for instance, a controversy about whether
or not the A dependence of the neutrino-nucleus data from the NuTeV collaboration
is compatible with that observed in charged lepton DIS [107, 108, 109]. Differences
between neutrino and electromagnetic nuclear interactions can arise, for instance, from
the presence of the parity-odd F3 structure function in ν/ν¯ scattering, which does not
contribute to charged-lepton scattering [103].
For spin-dependent scattering, the scarcity of data and their larger uncertainties
at very small x and at high x, where nuclear corrections are most prominent, has
meant that almost all global analyses have thus far relied exclusively on the effective
polarization ansatz, in which the polarized PDF in the nucleus ∆fAi is related to the
polarized PDFs in the proton and neutron as ∆fAi ≈ 〈σ〉p ∆fpi + 〈σ〉n ∆fni , with 〈σ〉p(n)
the average polarizations of the proton (neutron) in the nucleus. In practice, only
polarized deuterium and 3He nuclei have been used in DIS experiments, in addition to
protons. The new global analysis of helicity PDFs by the JAM collaboration [79] is the
first systematic attempt to incorporate the effects of nuclear smearing in DIS structure
functions of the deuteron and 3He. This will be important as future spin-dependent
scattering experiments probe the nucleon spin structure at increasingly large values
of x [110, 111, 112, 113].
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2.7. PDF parametrizations and sum rule constraints
The concept of global fitting for PDFs relies on the formalism outlined in the previous
sections. Partonic cross sections for various hard scattering processes are convoluted
with scale-dependent PDFs to generate results for physical observables which can then
be compared to data. The PDFs are parametrized at some convenient input scale Q0
and then evolved using the appropriate evolution equations to the scales needed for each
calculation. The values of the input parameters are estimated using a χ2 minimization
technique. All of the global PDF fitting groups use some variation of this technique.
A typical parametrization at the input scale Q0 for a generic polarized or unpolarized
parton (quark, antiquark or gluon) distribution function f is
xf(x,Q20) = a0 x
a1(1− x)a2 P (x), (30)
where P (x) represents some smoothly varying function usually chosen as a polynomial
in x or
√
x, although exponential functions are used as well. In addition, there are
parametrizations inspired by a statistical model of the nucleon [114], as well as those
based on neural networks [115] and self-organizing maps [116].
Some of the parameters in the input distributions can be determined from physical
constraints. For example, in the unpolarized case valence quark number is conserved,∫ 1
0
dx
(
q(x,Q20)− q¯(x,Q20)
)
=

2 q = u,
1 q = d,
0 otherwise,
(31)
while the momentum sum rule requires∫ 1
0
dx x
[
nf∑
q
q+(x,Q20) + g(x,Q
2
0)
]
= 1, (32)
where we use the notation q+ ≡ q+ q¯, and the number of flavors at the input scale Q20 is
usually taken to be nf = 3 (see Sec. 2.4). In the polarized case the first moments of the
charge-conjugation even (or C-even) distributions can be related to octet baryon weak
decay constants. For the isovector combination, corresponding to the Bjorken sum rule,∫ 1
0
dx
(
∆u+(x,Q20)−∆d+(x,Q20)
)
= gA, (33)
where gA = 1.270± 0.003 is the nucleon axial charge, while for the SU(3) octet one has∫ 1
0
dx
(
∆u+(x,Q20) + ∆d
+(x,Q20)− 2∆s+(x,Q20)
)
= a8, (34)
where the octet axial charge a8 = 0.58 ± 0.03 is extracted from hyperon β-decays
assuming SU(3) flavor symmetry [117]. Note that the sum rules (31)–(34) are preserved
under Q2 evolution.
While most of the PDF groups use similar procedures and data, one can nevertheless
obtain PDF results that can be rather different. Some of the reasons for this include
the following:
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• Differences in the specific parametrizations and input scale Q20.
• Differences in data selection, choices of data sets, kinematic cuts, and the specific
treatment of the correlated errors of the data. This typically limits the amount of
data available at large values of x.
• Differences in the theoretical framework used, including the particular form of the
solutions of the RGE employed, the treatment of heavy quarks, inclusion of higher
twist contributions, target mass effects, and nuclear corrections.
These differences should be born in mind when comparing the results from different
PDF groups.
2.8. PDF errors
PDFs are an essential ingredient for producing predictions for processes in high energy
experiments. The uncertainties in these predictions depend, in part, on how well
determined the PDFs are themselves. It is important to bear in mind that the
predictions that are compared to data are convolutions of PDFs with partonic hard
scattering cross sections. There are thus three main sources of PDF uncertainties: the
fitted data, the partonic cross sections, and the parametrizations used to describe the
PDFs. The following list describes the main sources of uncertainty in the determination
of PDFs.
• The experimental errors on the fitted data can be directly propagated to the fitted
PDFs. Standard techniques include the Hessian [118], Lagrange [119], and Monte
Carlo [120] methods.
• Uncertainties due to the use of perturbation theory: These can be estimated to
some extent by doing LO, NLO, and NNLO fits, although not all processes are
known to NNLO accuracy.
• Scale dependence: The perturbative predictions depend to some extent on the
choices made for the renormalization and factorization scales for each process.
These choices will change the results for each process and the fitted PDFs must
compensate these changes (see Sec. III of Ref. [121] for an example of the effects of
choosing different scales).
• Choice of the value of the running coupling αs(MZ): some PDF determinations
fit αs(MZ) while others use the global average value. This is mostly a question
of philosophy. On the one hand, since the strong coupling is a parameter of
QCD, then there is no freedom to choose a different value for each process. Thus,
information from data types not included in the global fits (such as data from e+e−
processes) provides valid constraints on the value of the coupling and are included
in determining the global average. On the other hand, fitting the value of the strong
coupling and comparing it to the global average provides an interesting consistency
check on the description of the data provided by QCD.
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• Choice of data sets and kinematic cuts: these choices can affect the fitted PDFs
and the user should be aware of these differences.
• Treatment of heavy quarks: the various schemes that are currently used differ at
higher orders and such differences can affect the fitted PDFs.
• Parametrization dependence: fitted PDFs can differ simply through the choice
of the initial parametrizations. Extensive efforts are made to choose flexible
parametrizations which are well-constrained by data, but there is no control over
the behavior outside the kinematic region covered by the data. This can lead to
different extrapolations at very large or very small values of x. A method for
estimating this remaining uncertainty has been suggested in Ref. [122].
Of all these sources of error, the easiest to treat is the first — the propagation of
the experimental errors.
2.8.1. Hessian method. The Hessian method is described in detail in Ref. [118]. The
elements of the Hessian matrix are given by
Hij =
1
2
∂2χ2
∂ai ∂aj
(35)
where ai denotes the i
th PDF parameter. The Hessian matrix is generated during the
actual minimization procedure and its inverse is the error matrix. The eigenvectors of
the error matrix can then be used to define eigenvector parameter sets which, in turn, can
be used to calculate error bands for the PDFs or for specific processes. One particular
subtlety is that the error bands generally depend on a χ2 tolerance. Mathematically,
one expects the 1σ parameter errors to correspond to an increase of χ2 by one unit from
the minimum value. However, it has been suggested [123] that inconsistencies between
different data sets may require a larger value to be used. This “χ2 tolerance” varies
between groups and allowance must be made for this when comparing the resulting
error bands.
2.8.2. Lagrange multiplier method. The Lagrange multiplier [119] method is useful
when one wants to determine the PDF error on a specific observable X such as the
cross section for W or Z production. Let χ2global denote the χ
2 for the global data set.
Then one minimizes the function
Ψ(a, λ) = χ2global + λX(a), (36)
where a denotes the set of PDF parameters and minimization is done for a range of
values of λ. The end result is a relation between χ2global and the value X of the chosen
observable. Once one specifies the χ2 tolerance, i.e., the range of allowable χ2 values,
this maps out a range of values
X0 −∆X ≤ X ≤ X0 + ∆X
where X0 is the value of X at the global minimum.
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2.8.3. Monte Carlo method. An alternative to the usual linear propagation of errors
(Hessian method) which can be useful for minima that are not well behaved or defined,
is the so–called Monte Carlo method. In order to propagate the experimental errors a
number of ‘replica’ data sets are generated by using random numbers and the original
errors to generate new data points [120]. These replica data sets are then fitted and the
resulting replica PDF sets are treated using standard statistics; the central values are
given by the average over replicas, and the uncertainties by the envelope of predictions.
2.9. Data types
The main motivation for pursuing global fitting as a technique for determining PDFs
is that the use of a wide range of data types with different kinematic coverage places
many constraints simultaneously on the PDFs. Each type of observable depends on a
particular linear combination of PDFs or products of PDFs. Obtaining the best fit to
all of the observables simultaneously has proven to be an efficient method for extracting
PDFs. Nevertheless, it remains true that specific observables may be sensitive to a
specific PDF or combination of PDFs. In this section some examples using simplified
LO kinematics will be presented since these can be useful in understanding how PDF
errors can be reduced by future measurements.
2.9.1. Unpolarized experiments. Deep-inelastic scattering experiments provide
direct information on PDFs since both the structure functions and the cross sections
depend linearly on the PDFs. The following list summarizes the main dependences.
(i) Charged lepton neutral current measurements on a proton target constrain the
combination
4u+ + d+ + s+,
where we have assumed that only single photon exchange contributes (Z boson
exchange involves a different linear combination of PDFs). At large values of x the
antiquark PDFs become negligible leaving the combination 4uv + dv. If one had a
neutron target, then the linear combination would be
4d+ + u+ + s+,
which becomes 4dv + uv at large values of x. Of course, neutron targets are
not available, so deuterium is often used for this purpose requiring that nuclear
corrections be made in order to extract the neutron target information as discussed
in Sec. 2.6.
(ii) Charged current neutrino interactions constrains the combinations∑
i
(qi ± q¯i),
where the plus (minus) sign corresponds to F1,2 (xF3). The actual linear
combinations depend on the type of target used; high statistics neutrino
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experiments employ different types of heavy targets for which model-dependent
nuclear corrections must be made. Note that one can, in principle, isolate specific
combinations of q or q¯ PDFs, depending on the type of target used. A special case
is provided by charm production in neutrino and antineutrino scattering as these
are proportional to the s and s¯ PDFs, respectively. The experimental signal is
the production of opposite sign muon pairs requiring one to take into account the
charm fragmentation and decay as well as nuclear corrections, depending on the
type of target employed.
(iii) The gluon PDF enters in DIS at O(αs). Thus, it is mainly constrained
through the Q2 dependence of the structure functions and Rosenbluth (or
longitudinal/transverse) separated FL data (see Sec. 3.6).
Vector boson production (lepton pairs, W±, and Z0) in LO proceed through qq¯
annihilation. A few key examples are:
(i) Lepton pair production in proton–proton and proton–neutron collisions depend on
the combinations
σpp ∼ 4u(xa)u¯(xb) + d(xa)d¯(xb) + (xa ↔ xb) + · · ·
σpn ∼ 4d(xa)d¯(xb) + u(xa)u¯(xb) + (xa ↔ xb) + · · ·
where xa,b = (MB/
√
s) e±y, and the · · · indicate contributions from the s, c and
b quarks. Of course, the pn cross section is obtained from data from a deuterium
target. These cross sections can be used to constrain the d¯/u¯ ratio, for example.
(ii) W± production constrains products of the form qq¯′ with specific weights given by
the appropriate CKM matrix elements, whereas Z0 production constrains qq¯. For
pp¯ collisions at the Tevatron at large values of rapidity, one has approximately,
σW
+ ∼ u(xa)d(xb) + d¯(xa)u¯(xb) + · · ·
σW
− ∼ d(xa)u(xb) + u¯(xa)d¯(xb) + · · ·
where a (b) denotes the proton (antiproton), and the · · · represents contributions
from heavier quarks. Note that these results are written in terms of proton PDFs.
If the rapidity is large and positive, then xa > xb and one can neglect the antiquark
terms so that these cross sections directly constrain the u and d PDFs. Due to the
missing neutrino from the W decays, one cannot directly reconstruct the rapidity
distributions. What is usually presented is the charged lepton rapidity asymmetry
for W± production. In this case the decay process means that the constraints on
the PDFs are less direct, but such measurements still provide useful constraints on
the d/u ratio at moderate values of x. Of particular interest is the model dependent
determination of the W rapidity asymmetry by the CDF Collaboration [124], which
directly constrains the d/u ratio at large values of x since the asymmetry is for the
W and not the charged lepton from the decay.
(iii) Recently the ATLAS Collaboration has presented an analysis [125] using W decay
lepton and Z0 rapidity distribution data which shows potential for constraining the
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strange quark PDF. This analysis makes use of the fact that the Z0 cross section
receives a significant contribution from ss¯ annihilation while the W cross sections
help constrain the u¯ and d¯ PDFs.
The other major class of observables includes inclusive jet or photon, dijet,
and photon + jet production. Each of these constrain products of PDFs summed
over all flavors. Nevertheless, there are certain PDFs that can be constrained by these
observables. This follows since the u and d PDFs are well constrained by the DIS data
and the vector boson and lepton pair production data provide strong constraints on the
u¯ and d¯ PDFs. Hence, these data have the greatest impact on the gluon distribution.
(i) Direct photon production in LO has two subprocesses: qg → γq and qq¯ → γg.
Hence, this process was though to be a good candidate for constraining the gluon,
especially at fixed target energies where the available xT range extended out
to about 0.6. However, photons can also be created by bremsstrahlung from
the charged quarks – often referred to as the fragmentation process. Indeed,
one can define photon fragmentation functions to help describe this production
component. It turns out that at fixed target energies this component receives
very large soft gluon corrections, requiring threshold resummation techniques [126].
This, combined with some apparent disagreements between experimental data sets
[127, 128] meant that photon production has not fulfilled the original promise of
constraining the gluon PDF. Recently, however, an analysis [129] suggests that the
use of isolated photon collider data may well help constrain the gluon PDF. The
use of isolation cuts reduces the fragmentation contribution and the use of higher
energy collider reduces the need for threshold resummation.
(ii) High-pT jet production has played a significant role in constraining the gluon PDF.
Even though the quark and antiquark PDFs are well constrained by other types of
data, there are still significant contributions from qg and gg subprocesses [121].
(iii) Dijet production triple differential cross sections yield more information than single
jet cross sections because the rapidity of the second jet is also constrained, thereby
helping to constrain the momentum fractions of the PDFs. By tuning the rapidity
ranges for the two jets one can explore different regions for these momentum
fractions. An example is given in Ref. [121].
(iv) Photon + jet production offers similar constraints, but now the subprocesses are
weighted by the squared charge of the parton to which the photon couples.
2.9.2. Polarized experiments. As with unpolarized measurements, historically most
constraints on spin-dependent PDFs have come from polarized charged-lepton DIS
experiments.
(i) In the one-photon exchange approximation, the difference of inclusive DIS cross
sections for leptons polarized longitudinally with spin parallel and antiparallel to
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the target hadron polarization measures C-even quark combinations ∆q+. For
proton targets, one has the combination
4∆u+ + ∆d+ + ∆s+,
while for the neutron the combination would be
4∆d+ + ∆u+ + ∆s+,
with contributions from heavy quark polarization expected to be negligible. In
practice, polarized 3He targets are usually used as effective sources of polarized
neutron, since the neutron carries almost 90% of the spin of 3He, while polarized
deuterons, to which the proton and neutron spins contribute equally, are used to
provide the isoscalar combination
5(∆u+ + ∆d+) + 2∆s+.
Because of the greater sensitivity of the proton g1 structure function measurements
to the polarized u quark PDF, and uncertainties associated with nuclear corrections
when extracting the neutron from 3He or deuterium data, the uncertainty on the
∆d PDF is significantly larger at high x than on ∆u.
(ii) At NLO, the polarized gluon distribution ∆g also enters in the g1 structure function.
The Q2 evolution of the flavor singlet contribution to g1 can then be used to
constrain ∆g, as for the unpolarized gluon PDF discussed above, although the
constraints are weaker in the polarized because ∆g/g  1 at small x.
Semi-inclusive DIS provides additional independent combinations of spin-
dependent PDFs that can be used to reconstruct individual quark and antiquark flavors.
(i) Semi-inclusive production of hadrons h in the current fragmentation region,
primarily pions or kaons, is proportional to products of spin-dependent PDFs and
quark → hadron fragmentation functions,∑
q
e2q ∆q(x)D
h
q (z),
where z is the fraction of the quark’s energy carried by the hadron h. The
fragmentation functions Dhq can be determined from other reactions, such as
inclusive hadron production in e+e− annihilation. One can weight particular
quark or antiquark flavors by selecting favored (such as Dpi
+
u or D
pi+
d¯
) or unfavored
(Dpi
+
d or D
pi+
u¯ ) fragmentation functions for specific hadrons (in this case h = pi
+).
Information on the polarized strange quark PDF ∆s in particular can be obtained
from data on K production.
(ii) The polarized gluon distribution ∆g can be constrained by semi-inclusive DIS data
on charmed or high-pT hadron production through the photon–gluon fusion process.
Recently the analysis of this process has been performed at NLO, extending earlier
LO extractions of ∆g.
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Inclusive particle production in polarized proton–proton collisions provides an
additional method of determining spin-dependent sea quark and gluon distributions.
(i) W± production cross sections for scattering longitudinally polarized protons from
unpolarized protons, ~p p → W±X, depend on products of spin-dependent and
spin-averaged PDFs, for example,
∆σW
+ ∼ ∆d¯(xa)u(xb)−∆u(xa)d¯(xb)
∆σW
− ∼ ∆u¯(xa)d(xb)−∆d(xa)u¯(xb).
At large positive or negative rapidities, xa  xb or xa  xb, the cross sections (or
asymmetries) are dominated by a single flavor, while at mid-rapidities both u and
d flavors contribute.
(ii) Inclusive jet or pi0 production in double-polarized proton–proton scattering, ~p ~p→
jet/pi0 +X, is sensitive to the polarized gluon PDF. The first evidence for a small,
but nonzero ∆g was recently observed by the STAR Collaboration at RHIC in jet
data at
√
s = 200 GeV. Direct photon production in polarized pp scattering has
also been suggested [130] as a means of probing ∆g.
3. Unpolarized parton distributions
Using the technology outlined in Sec. 2, a number of global QCD analyses of the world’s
high-energy scattering data have produced sets of proton PDFs, up to next-to-leading
order (NLO) or next-to-next-to-leading order (NNLO) accuracy. The efforts have indeed
been global, with groups in Europe and the US in the forefront of the data analyses.
The PDFs sets include parametrizations from the MSTW [43] and ABM [40] groups,
both of which use standard global fitting methodology; the NNPDF [49] collaboration,
which uses a newer approach based on neural networks; the JR [42] PDFs, which
are dynamically generated through Q2 evolution from a low Q2 input scale; and the
HERAPDF [46] group, which includes only data from the H1 and ZEUS experiments
at HERA. The US-based efforts have been centered around the CTEQ Collaboration
[131], which at present involves two derivative analyses of nucleon PDFs, by the CT [44]
and CJ (CTEQ-Jefferson Lab) [53] groups, as well as the nCTEQ [104, 107] analysis
of nuclear PDFs. The CJ Collaboration in particular has focused on developing the
methodologies needed for describing data over a broad energy range including the low-
Q2 and W domain [51].
In this section we summarize the results for unpolarized PDFs from the various
PDF fitting groups, discussing their similarities and contrasting their differences. We
will focus mostly on the physics issues, rather than on technical aspects of PDF fitting.
Of course with new data arriving or soon anticipated at the LHC, Jefferson Lab, and
other facilities, the global fitting efforts are constantly evolving, so that the information
presented here can only be viewed as a snapshot of the field at the present time.
As a typical example of modern PDFs and their uncertainties, Fig. 1 shows the xu,
xd, x(d¯ + u¯), x(d¯ − u¯), xs and xg PDFs (with the gluon scaled by a factor 1/10) for
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Figure 1. Uncertainty bands for the xu (red), xd (blue), x(d¯ + u¯) (green), x(d¯ − u¯)
(violet), xs (orange) and xg (black) PDFs for the CJ12mid fit [53] at Q2 = 10 GeV2,
shown on logarithmic (left) and linear (right) scales in x. Note that in the left panel
the gluon is scaled by a factor 1/10.
the CJ12 fit [53] (for the case of moderate nuclear corrections, CJ12mid) at a scale of
Q2 = 10 GeV2. The general behavior of the PDFs is similar for all the parametrizations
[42, 40, 43, 44, 46, 49, 53], particularly where sufficient data exist to constrain the
distributions in specific regions of x and Q2. In regions where data are scarce, such as at
very low x (x . 10−4) or high x (x & 0.4−0.6) for certain observables, or where data on
specific PDFs (such as the strange quark) are subject to large experimental or theoretical
uncertainties, the details of the PDFs can depend strongly on the assumptions adopted
in the extrapolations.
Some of these differences are evident in Figs. 2 and 3, which illustrate the flavor
nonsinglet combinations {x(u− u¯), x(d− d¯), x(d¯− u¯), x(s− s¯)}, and the singlet-sector
distributions {x(u + u¯), x(d + d¯), x(s + s¯), xg}, respectively, for the NNLO MSTW08
[43], ABM11 [40], NNPDF [49] and JR09 [42] PDF sets. While the valence uv and
dv PDFs are fairly well constrained in the intermediate-x region, at large x there are
significant uncertainties on the dv distribution in particular. The SU(2) nonsinglet
distribution d¯− u¯ is well determined by data from the Drell-Yan reaction over the range
x ≈ 0.05− 0.25, but is not constrained at higher x. The strange nonsinglet distribution
is the most difficult to determine, requiring a combination of neutrino and antineutrino
scattering data, which are subject to large experimental and nuclear uncertainties.
For the C-even distributions in Fig. 3, the u+ u¯ and d+ d¯ are the dominant quark
distributions at large x, but the strange quark PDF becomes increasing more important
at small x. Numerically, the gluon distribution dominates all other PDFs at small x, but
has sizable uncertainties at large x values. In the following sections we discuss features
of each of the PDFs in more detail.
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Figure 2. Comparison of nonsinglet PDF combinations, including the valence xuv
and xdv, and the x(d¯ − u¯) and x(s − s¯) sea distributions, for the available 3-flavor
NNLO PDF sets from JR09 [42] (red solid line), MSTW08 [43] (blue dashed) and
ABM11 [40] (green dotted), at Q2 = 10 GeV2.
3.1. Valence quarks at large x
Valence quarks give the global properties of the nucleon, such as its charge and
baryon number. Knowledge of their momentum distributions is important for many
reasons, especially at high values of x where a single quark carries most of the
nucleon’s momentum. The large-x region is in fact a unique laboratory for studying
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Figure 3. As in Fig. 2, but for the singlet-sector distributions x(u+ u¯), x(d+ d¯) and
x(s+ s¯) and the gluon xg PDF.
the nonperturbative flavor and spin dynamics of quarks [132, 133, 134, 135], as well as
testing predictions from perturbative QCD for the behavior of PDFs in the limit x→ 1
[136, 137, 138, 139].
Reliable determination of PDFs at large x is also important for searches for new
physics beyond the Standard Model in collider experiments at the LHC. Through
perturbative QCD evolution, uncertainties in PDFs from fixed-target experiments at
high x and low Q2 can propagate to larger Q2 to affect cross sections at smaller x values
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[99, 100]. This is especially true for the forward production of particles of mass m at
large rapidities y, whose cross sections are given by products of PDFs with one evaluated
at small x ≈ (m/√s) e−y and the other at large x ≈ (m/√s) ey. The production of
heavy W ′ and Z ′ bosons, for example, is sensitive to d quark PDF uncertainties at high
rapidities, exceeding 100% in the W ′− channel, which places limits on the accuracy of
cross section measurements for masses near the kinematic thresholds [100]. Furthermore,
understanding PDFs at large x is vital for the analysis of neutrino oscillation experiments
[140, 141, 142], where one of the most significant uncertainties comes from neutrino–
nucleus cross sections at the interface of the DIS and resonance regions.
The growing need to better understand large-x PDFs and their uncertainties has
been reflected in the greater attention being paid recently to the physics of the large-
x region, with dedicated experiments planned at Jefferson Lab following its 12 GeV
upgrade [143, 144, 145], as well as at proposed new facilities such as the LHeC [146]
and the Electron-Ion Collider [113]. It has also been a catalyst for the recent concerted
theoretical efforts by the CJ Collaboration [147] in their global QCD analyses of PDFs
extending into the lower Q2 and W 2 regions, with the aim of providing better constraints
on PDFs at large values of x [51, 52, 53].
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Figure 4. u and d quark distributions from the CJ12mid PDFs [53], with PDF
errors only (solid, red shaded) with combined PDF and nuclear uncertainties (dashed,
blue shaded), and with a fit excluding all deuterium data (dot-dashed, green shaded),
relative to the reference CJ12mid set at an arbitrary scale Q2 = 100 GeV2. Note the
different vertical scales for the u and d quark PDFs.
The current constraints on the u and d quark distributions are illustrated in Fig. 4
for the CJ12mid PDF set [53], where the uncertainties arising from nuclear corrections
and PDF (experimental) errors are indicated separately. Since the u quark PDF is
relatively well constrained by the proton DIS data at large x, the effect of the nuclear
uncertainties is minor, increasing the total uncertainty at intermediate x by a few
percent. For the d quark distribution, on the other hand, whose determination at present
requires both proton and deuterium DIS data, the nuclear correction uncertainties in
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the deuteron significantly increase the overall error for x & 0.6. However, even though
the use of deuterium data introduces the need to confront the problem of nuclear effects
and their uncertainties, without these data the error bands on the d quark PDF would
be even larger over most of the x range, as Fig. 4 demonstrates.
In addition to accounting for the finite-Q2 (TMC and higher twist) and nuclear
effects which become increasingly important as x tends to 1 at fixed Q2, the behavior
of PDFs in the x → 1 limit also depends critically on the functional form used for the
x dependence. The conventional parametrizations utilized in most global PDF analyses
assume a ∼ (1−x)a2 dependence for both the u and d quark PDFs, as in Eq. (30) above,
so that in the limit as x → 1, the d/u ratio tends either to zero or infinity. Accardi
et al. [52] allowed for a more flexible parametrization of the valence d quark PDF, in
which the dv distribution receives a small admixture from the uv PDF,
dv → dv + b xcuv, (37)
with b and c as free parameters. Provided the d quark has a softer momentum
dependence (larger exponent a2) than the u quark, which agrees with phenomenology,
the ratio of the distributions will approach a constant value, dv/uv → b, as x → 1.
A nonzero, finite value in this limit is in fact expected in several different nonperturbative
models of nucleon structure [134, 135, 136].
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Figure 5. d/u ratio for the (left) CJ12min (dot-dashed), CJ12mid (solid) and
CJ12max (dashed) PDFs [53], and (right) CJ12mid (solid) compared with the
CT10 [44] (dot-dashed), MSTW08 [43] (dashed) and ABKM09 [50] (dot-dot-dashed)
parametrizations at Q2 = 100 GeV2.
The ratio of the d to u quark distributions is illustrated in Fig. 5 for several
modern NLO PDF sets, including the CJ12 [53], CT10 [44], MSTW08 [43] (dashed)
and ABKM09 [50] distributions. As expected, the total uncertainty on the d/u ratio
at large x increases when different nuclear correction models are considered, with the
central values extrapolated to x = 1 increasing from d/u ≈ 0 for the CJ12min PDFs,
with the minimum nuclear correction model, to d/u ≈ 0.3 for the CJ12max set with
the maximum nuclear correction model from Ref. [53]. Combining all uncertainties, the
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CJ12 analysis found d/u → 0.22 ± 0.20 [PDF] ± 0.10 [nucl] as x → 1, where the first
error is from the PDF fits and the second is from the nuclear correction models.
In contrast, using the more restrictive, conventional parametrizations, the d/u ratios
for the MSTW08 and ABKM09 distributions tend to zero in the x→ 1 limit, while that
for CT10 tends to infinity. This behavior distorts somewhat the error bands, making
the MSTW08 ratio appear to have an anomalously small uncertainty, while the CT10
result has a much larger one. The relative errors, however, are similar for the MSTW08
and CT10 PDFs, while the CJ12 and ABKM09 uncertainties are reduced at larger
x because of the additional high-x data used in those analyses. Unfortunately, the
extrapolated values of d/u at x = 1 span most of the range of available predictions
[132, 133, 134, 135, 136], so that discrimination between the physical mechanisms that
lead to the different x → 1 behaviors will only be possible with constraints from new
experiments that do not involve deuterium data and the nuclear model uncertainties
[143, 144, 145].
3.2. Light quark sea
Inclusive electromagnetic DIS probes C-even combinations of PDFs, q+ q¯, weighted by
their squared charges, or in terms of valence and sea quark (or antiquark) distributions,
qv + 2q¯. The shapes of the quark valence and sea distributions differ markedly as
a function of x. As we have seen in the preceding section, the valence quark PDFs
dominate at intermediate and large values of x, but vanish as xqv → 0 for x→ 0. The
sea, in contrast, dominates at small x, but is strongly suppressed as x→ 1. For the light
antiquarks u¯ and d¯, structure function data with proton targets are sensitive at small x
to the combination 4u¯+ d¯, while deuterium targets (nuclear corrections aside) probe the
isosinglet combination u¯+ d¯. Under Q2 evolution, the singlet quark distribution mixes
with the gluon, which leads to the rapid growth in the antiquark PDFs with decreasing
x. With increasing Q2, the uncertainties on u¯+ d¯ also decrease.
Inclusive DIS measurements can therefore provide important constraints on the
behavior of both the qv and q¯ distributions in the regions where their contributions
are dominant. However, in the intermediate-x region, x ∼ 0.01 − 0.1, where the
magnitude of valence and sea quark PDFs is comparable, additional information is
required to uniquely determine the distributions individually. Here data from neutrino
scattering can allow access to the parity-violating F3 structure function, which measures
C-odd combinations of PDFs, q− q¯. Combined with the C-even PDFs from the parity-
conserving F1 and F2 structure functions, one can then uniquely determine the q and q¯
distributions individually. Unfortunately, neutrino scattering cross sections are usually
statistics limited compared with electromagnetic data, and with few exceptions, have
necessitated the use of nuclear targets such as iron or lead as a means of increasing
the rates. This subsequently brings with it the inherent complications associated with
accounting for nuclear corrections in relating the nuclear structure functions with those
in a free nucleon [90, 103].
32
More direct constraints on q¯ distributions can be obtained from lepton pair
production in inclusive hadron–hadron scattering, which involves products of PDFs
evaluated at different values of beam (xa) and target (xb) momentum fractions. As
discussed in Sec. 2.3.2, the Drell-Yan process or W±-boson production in pp scattering
at nonzero rapidity, for example, allows the antiquark distribution at small xa to be
extracted with knowledge of the corresponding quark distribution at xb.
In particular, the Drell-Yan reaction [148] has been used by the NA51 Collaboration
at CERN [149] and the E866/NuSea Collaboration at Fermilab [150, 151] to determine
the ratio of d¯ to u¯ distributions in the proton. Naive expectations from perturbative
QCD based on g → qq¯ splitting suggest that since the masses of the u and d quarks
are very similar, the production of uu¯ and dd¯ pairs should be nearly identical, even
with the inclusion of higher-order radiative corrections [152]. The first indication of a
significant asymmetry in the proton sea was obtained by the New Muon Collaboration
(NMC) [153, 154] at CERN, who performed an accurate measurement of the ratio of
DIS cross sections for hydrogen and deuterium, from which the Gottfried sum SG was
determined [155],
SG =
∫ 1
0
dx
x
(F p2 − F n2 ) =
1
3
+
2
3
∫ 1
0
dx (u¯− d¯), (38)
where charge symmetry is assumed (see Sec. 3.3 below). For a flavor symmetric SU(2)
proton sea, the prediction for the Gottfried sum would be SG = 1/3. In contrast, the
NMC measurement found SG = 0.235 ± 0.026 [154], indicating a strong violation of
flavor symmetry in the light antiquark sea,∫ 1
0
dx (d¯− u¯) = 0.148± 0.039. (39)
Following the suggestion by Ellis and Stirling [156] that the light antiquark sea could be
more directly probed in the Drell-Yan process, the NA51 experiment used the ratio of
dimuon cross sections for pd and pp scattering to extract the ratio d¯/u¯ = 1.96±0.15±0.19
at an average 〈x〉 = 0.18 at a Feynman-x of xF = xa − xb ≈ 0. Subsequently, the
E866/NuSea experiment at Fermilab measured the σpd/σpp ratio at large xF , where at
leading order
σpd
2σpp
≈ 1
2
[
1 +
d¯(xb)
u¯(xb)
]
, xa  xb. (40)
The results, illustrated in Fig. 6, confirmed a significant deviation of the cross section
ratio from the naive perturbative QCD expectation, indicating a large asymmetry
between d¯ and u¯.
The earliest efforts to explain an enhancement of d¯ quarks over u¯ in the proton
invoked the effects of Pauli blocking, which arise from the presence of different numbers
of valence u and d quarks in the proton [157]. Estimates of this effect are very difficult to
quantify reliably [158, 159], with some calculations [160] even suggesting that it produces
a small excess of u¯ over d¯. Alternative explanations have focused on the role of chiral
symmetry breaking and the pion cloud of the nucleon [161]. Because of the Heisenberg
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Figure 6. Ratio of lepton pair production cross sections in pd and pp scattering as
a function of the fractional momentum xb of the target parton. The data points
from the Fermilab E866/NuSea Collaboration [151] are compared with the cross
section ratio calculated using the JR09 [42] (red solid line), MSTW08 [43] (blue
dashed), and ABM11 [40] (green dotted), and NNPDF23 [49] (yellow dot-dashed)
PDF parametrizations.
uncertainty principle, a component of the proton’s wave function involves its dissociation
into a nucleon and a virtual pion state. The preferential coupling of a proton to a npi+,
with the pi+ containing a valence ud¯ pair, implies a natural mechanism for generating
an excess of d¯ over u¯. While many models have been proposed to compute this effect
quantitatively (see Refs. [162, 163] for reviews), the underlying physics principles are
model independent and simply the chiral symmetry properties of QCD [164, 165].
While most of the modern PDF parametrizations are able to accommodate an
enhanced d¯ sea over the range 0.02 . x . 0.25, there is some uncertainty in the trend
of the d¯/u¯ ratio at larger x. The new Drell-Yan experiment E906/SeaQuest at Fermilab
[166] will extend the x coverage up to x ≈ 0.45, and a proposal at the J-PARC facility
in Japan [167, 168] would extend the range even further.
3.3. Charge symmetry violation in PDFs
Most PDF analyses have been performed under the assumption of charge symmetry, or
independence of interactions under rotations in isospin space. Charge symmetry implies
that the u quark distribution in the proton is identical to the d quark distribution in
the neutron, and vice versa, and is believed to be accurate in nature at the . 1% level.
This symmetry is broken explicitly by light quark mass differences, mu 6= md, as well
as by electromagnetic corrections. Such effects lead to nonzero values of the “majority”
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and “minority” charge symmetry violating asymmetries in the nucleon, defined as
δu(x,Q2) = up(x,Q2)− dn(x,Q2), (41)
δd(x,Q2) = dp(x,Q2)− un(x,Q2), (42)
respectively, and similarly for the antiquarks δq¯.
Although there is currently no direct evidence for charge symmetry violation (CSV)
in PDFs, it has been predicted in several nonperturbative models for both valence and
sea quark PDFs [169, 170, 171, 172]. In addition, electromagnetic radiative effects can be
included in the Q2 evolution equations (Sec. 2.2), in analogy with usual gluon radiation,
by adding a term that accounts for the emission of photons by quarks [173, 174],
Q2
∂fi(x,Q
2)
∂Q2
=
∑
j
(
P
(QCD)
ij ⊗ fj + P (QED)ij ⊗ fj
)
. (43)
Here P
(QED)
ij are the new QED splitting functions (expanded in terms of the
electromagnetic coupling α), and the sum over partons includes also the photon PDF
γ(x,Q2). Even with charge symmetric PDFs at the input scale, the different electric
couplings of the photon to u and d quarks in the modified evolution equations will induce
nonzero CSV distributions (41) and (42) at a higher scale.
The valence quark asymmetries resulting from the QED-modified Q2 evolution (43)
are illustrated in Fig. 7 at a scale Q2 = 10 GeV2. The perturbatively generated CSV
distributions from Glu¨ck et al. [173] are calculated with an average isoscalar quark
mass mq = 10 MeV, with the QED radiative corrections computed after fixing the QCD
evolution effects. The majority valence δuv distribution is negative at intermediate x
values, and is of opposite sign to the minority valence distribution δdv, which is smaller in
magnitude. Qualitatively, these features are similar to the nonperturbative CSV valence
asymmetries computed in the bag model [169, 170, 171], which arise from differences
between the spectator uu and dd diquark masses, as well as the proton–neutron mass
difference.
The MRSTQED [174] analysis of CSV was similar to that in Ref. [173], but
involved unequal photon PDFs in the proton and neutron resulting from QED radiation
with quark masses mu(d) = 6(10) MeV. Since the photon now also contributes to the
momentum sum rule, Eq. (32), the CSV photon distributions induce charge symmetry
violation in the valence quark PDFs, assuming the sea and gluon are charge symmetric.
Despite the different assumptions, the resulting distributions turn out to be similar to
those in Fig. 7.
While the overall magnitude of the possible CSV effects is rather small, they
can nevertheless play an important role in understanding the discrepancy between the
NuTeV measurement of sin2 θW [175] and the Standard Model value [9]. The NuTeV
Collaboration extracted the Paschos-Wolfenstein (PW) ratio [176] of total neutral to
charged current cross sections, involving the difference between ν and ν¯ cross sections.
In addition to assuming small uncertainties on the nuclear corrections necessary for
translating the measured iron target data to an isoscalar nucleon target, the analysis
35
-0.01
 0
 0.01
 0.02
10-6 10-5 10-4 10-3 10-2
x(s - s- )
0.1 0.2 0.3 0.4 0.5 0.6 0.7
x
Q2 = 16 GeV2
GJR08asymMSTW2008
Figure 7. (Left) The CSV “majority” δuv and “minority” δdv valence quark
distributions for the radiative QED fit of Ref. [173] at Q2 = 10 GeV2, compared
with the bag model estimates have been taken from Ref. [171]. (Right) Strange–
antistrange asymmetry at Q2 = 16 GeV2 (appropriate for the NuTeV experiment) for
the asymmetric GJR08 [177] (red solid) and the MSTW2008 [43] (blue dashed) PDFs.
also neglected any CSV effects. Including CSV corrections, the experimental PW ratio
would receive a contribution proportional to
∫ 1
0
dx x (δdv−δuv) [172]. Depending on the
sign of the CSV distributions, the asymmetry can therefore either remove some of the
discrepancy with the NuTeV result, or exacerbate it. The signs and magnitude of the
predicted perturbative QED and nonperturbative quark model asymmetries in Fig. 7
would in fact remove approximately 2/3 of the discrepancy.
An additional correction to the PW ratio can arise from differences between strange
and antistrange distributions in the nucleon,
∫ 1
0
dx x (s− s¯), which we discuss in the next
section.
3.4. Strange quarks
Traditionally the strange quark distribution has been more difficult to determine
experimentally than the non-strange sea. In practice one has often assumed that the
s and s¯ PDFs (which are often assumed to be identical) are proportional to the u¯ + d¯
distributions,
κ =
s+ s¯
u¯+ d¯
, (44)
with κ ranging between ∼ 0.2 and 0.5. The s and s¯ distributions can be directly
determined, however, through the measurement of dimuon pairs in neutrino DIS, which
are produced through the charged current by scattering from strange quarks with
subsequent generation of charm. In particular, while neutrino scattering produces
charmed hadrons (W+s → c), antineutrino scattering results in anticharmed hadrons
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(W−s¯→ c¯). The semileptonic decay of the charmed hadrons (such as D and D¯ mesons)
then yields µ+µ− pairs along with the associated hadronic debris. Because of the low
rates involved in neutrino scattering experiments, in order to increase the statistics these
have typically made use of heavy nuclear targets, such as iron. Since the nuclear effects
for neutrino and charged lepton scattering are in general different [103], the nuclear
corrections introduce an additional source of uncertainty in extractions of the strange
quark PDF.
A number of nonperturbative models have in fact predicted an asymmetry between
the s and s¯ distributions in the nucleon, which can be probed by taking the difference
between the ν and ν¯ cross sections. For example, in analogy with the pion cloud
models invoked to explain the d¯ excess over u¯ in the proton in Sec. 3.2, the dissociation
of a nucleon to a hyperon and a virtual kaon naturally produces unequal s and
s¯ distributions, although the magnitude and even the sign is difficult to determine
unambiguously [178, 179, 180, 181]. In addition, an asymmetry can also be generated
through perturbative QCD evolution at NNLO because of unequal valence u and d
distributions [182].
The CCFR [101] and NuTeV [102] collaborations at Fermilab have collected the
highest statistics data on inclusive charm production in ν and ν¯ scattering on an iron
target, enabling the most direct constraints to be placed on the strange quark PDFs as
a function of x. The latter in particular was the first analysis using a complete NLO
description of charm production. The cross section for (anti)neutrino charm production
was computed to NLO in Refs. [183, 184] within the FFNS, in which, apart from the
gluon, only the light quark flavors (u, d, s) are included as massless partons (see Secs. 2.4
and 3.5). The fully differential NLO calculation, including acceptance corrections, was
performed in Ref. [185]. (Note, however, that the use of the expressions in [184] together
with VFNS distributions, as implemented in the NuTeV analysis [102], is strictly not
consistent.)
Comparison of the ν and ν¯ events found a preferred fit for the s(x)−s¯(x) distribution
that peaked at x ∼ 0.05 − 0.1, with the compensating negative contribution required
by the sum rule
∫ 1
0
dx (s − s¯) = 0 to be restricted to the unmeasured region at
x . 0.004 [102]. For the first moment, the value obtained at Q2 = 16 GeV2 was
S− ≡ ∫ 1
0
dx x(s−s¯) = (1.96± 0.46± 0.45 +1.48−1.07)×10−3, where the errors are statistical,
systematic, and external. The latter includes a dominant contribution from the charm
semileptonic branching ratio uncertainty, as well as from nuclear corrections [102].
The strangeness asymmetry in the nucleon is shown in Fig. 7 at Q2 = 16 GeV2,
as relevant for the NuTeV experiment, for several different PDF parametrizations. The
MSTW08 [43] strange asymmetry is fitted to the CCFR and NuTeV data assuming the
form
(s− s¯) = a0 xa1(1− x)a2(1− x/x0), (45)
where the factor (1 − x/x0) ensures zero net strangeness in the nucleon. The
strange asymmetry in Ref. [177] is generated radiatively from the boundary condition
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(s + s¯)(x,Q20) = 0 at Q
2
0 = 0.5 GeV
2, but allowing s − s¯ to have the form in Eq. (45).
The resulting s − s¯ asymmetry at the experimental scale is similar to the MSTW08
fit, and to the phenomenological extraction in Ref. [102], within the currently sizable
uncertainties.
The values for the momentum weighted asymmetry are the order S− ≈ 2 × 10−3
for the MSWT08 fit [43] and S− ≈ 0.8×10−3 for the dynamically generated PDFs [177]
at scales Q2 ≈ 10 − 20 GeV2. The CTEQ Collaboration found a strange asymmetry
in the range −0.001 < S− < 0.004 [186]. These values have the correct sign and
similar magnitude to that required to reconcile the NuTeV sin2 θW measurement with
the Standard Model value [175], once the charge symmetry violating effects in Sec. 3.3
are also included [173].
Finally, a recent measurement by the ATLAS Collaboration [125] of inclusive W±
and Z boson production in pp collisions at the LHC found a significantly larger value
of the strange to non-strange sea ratio in Eq. (44), κ = 1.00 +0.25−0.28 at x = 0.023 for
Q2 = 1.9 GeV2, than in previous analyses. A reanalysis of the ATLAS and HERA data
by the NNPDF group [49] found, however, that the uncertainty on the extracted κ was
significantly underestimated, and that a more complete global analysis gives κ values
consistent with the traditional values.
3.5. Heavy quarks
Heavy quark production contributes considerably to inclusive DIS; for example, the
charm (bottom) contributions to the dominant F2 structure function constitute up to
30% (3%) of the total in the small–x region. Besides these contributions, heavy quark
electroproduction is directly accessed experimentally in semi–inclusive DIS, typically
by detecting charm (bottom) mesons in the final state. Because the main production
mechanism is photon–gluon fusion, data on this process provide valuable constraints on
the gluon PDF in the nucleon. Furthermore, they provide an appropriate context for
testing the different approaches to these calculations that have been adopted in various
PDF analyses (see Sec. 2.4).
Since it is by far the most relevant, we focus the discussion on the charm flavor,
although similar considerations often also apply to bottom (top contributions to this
process, on the other hand, are negligible at accessible kinematics). The most relevant
data on heavy quark electroproduction are the (H1 + ZEUS) combination of HERA
measurements [15]. A comparison of these data with FFNS calculations at LO, NLO
and NNLO* (see Sec. 2.4) in Fig. 8 (left) shows excellent agreement between the FFNS
calculations. In fact, the experimental analysis of the HERA data is based primarily
on the FFNS fully differential (exclusive) calculations of Ref. [188]. Despite this fact,
the constructs in the GM-VFNSs are often motivated by arguing that pseudo-mass-
divergences (non-collinear logarithms of the form lnQ2/m2) which appear in the Wilson
coefficients of the massive calculations need to be resummed. However, the FFNS results
are notably stable even for very large values of Q2  m2 [36], in particular at the largest
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Figure 8. Reduced charm production cross section data from HERA [15] (left) and
charm structure function data from EMC [194, 195] (right), compared with global PDF
fits at LO, NLO and NNLO* [42, 41]. Note that for the EMC iron data the nuclear
corrections of Ref. [187] were used.
Q2 values accessible at HERA, suggesting little need to resum these supposedly “large
logarithms” in the context of global PDF analyses.
Finally, in addition to the perturbative generation of charm, it is also possible for
charm to be produced through nonperturbative mechanisms, such as those discussed in
Refs. [33, 189, 190, 191, 192, 193] (and references therein). First postulated to account
for some early charm production data in hadronic reactions, these “intrinsic” charm
contributions share several characteristic features, even though their details depend
somewhat on the models. In particular, they are typically valence-like, with significantly
harder x distributions than those generated perturbatively, and can produce large
asymmetries between the c and c¯ distributions.
Measurements of the charm structure function F c2 by EMC [194, 195], especially the
two data points at the highest Q2 in Fig. 8 (right), have been interpreted as indicating
a nonzero intrinsic charm contribution at large x. The evidence is not conclusive,
however, in view of the disagreement evident in Fig. 8 (right) between the EMC data
and theoretical predictions at smaller x, where the predictions are in agreement with
the more recent HERA results in Fig. 8 (left).
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Figure 9. Gluon distributions for the 3-flavor NNLO PDF sets from JR09 [42] (red
solid line), MSTW08 [43] (blue dashed) and ABM11 [40] (green dotted), relative to
the JR09 gluon PDF, at Q2 = 10 GeV2.
The current limits on the normalization of the nonperturbative charm quark
distribution range from ∼ 0.5% to 2%, depending on which data sets are fitted and
which models of intrinsic charm considered [33, 43, 189, 192, 193, 196, 197]. Although
current global PDF analyses do not require an intrinsic charm component, the existence
of nonperturbative charm remains an intriguing issue which can be addressed by
high-precision measurements of charm production at future facilities such as J-PARC
[168, 198], GSI-FAIR [199], Jefferson Lab at 12 GeV [200, 201], AFTER@CERN [202],
or an Electron-Ion Collider [113].
3.6. Gluons
In addition to the heavy quark production discussed above, there are three primary
sources of information on the gluon distribution: the Q2 dependence of the DIS structure
function F2 at low values of x; the longitudinal structure function FL at all x values;
and jet (both at HERA and at hadron colliders) and photon production cross sections
at moderate to high values of x. Furthermore, the momentum sum rule (32) provides
an additional constraint on the gluon PDF. Since the normalizations of the valence
PDFs are fixed by the flavor sum rules in Eq. (31) and the contributions of the light
antiquarks are relatively well determined by DIS and lepton pair production data, the
momentum sum rule effectively constrains the gluon contribution. The effect is an
anticorrelation between the low- and high-x behavior of the gluon PDF: a decrease
(increase) of the gluon distribution at low x leads to an increase (decrease) at high
values of x. Interestingly, this can result in more constrained gluon distributions in the
medium-x region (see Fig. 9).
To understand the relationship between the scale dependence of F2 and the gluon
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PDF, consider Eq. (8) for the scale dependence of the quark PDF. Multiply both sides
by x and by the squared parton charge and sum over the active flavors. In this way one
derives (using the LO expression for F2),
Q2
∂F2(x,Q
2)
∂Q2
=
∫ 1
x
dy
[
Pqq(y,Q
2)F2
(
x
y
,Q2
)
+
∑
i
e2iPqg(y,Q
2)
x
y
g
(
x
y
,Q2
)]
(46)
where Pqq and Pqg are the quark–quark and quark–gluon splitting functions. At small
values of x the gluon term dominates the integrand so that the scale dependence of F2
places a constraint on the gluon PDF.
A second constraint on the gluon from DIS comes from the longitudinal structure
function FL, which is defined as
FL(x,Q
2) =
(
1 +
4M2x2
Q2
)
F2(x,Q
2)− 2xF1(x,Q2) Q
2→∞−→ F2(x,Q2)− 2xF1(x,Q2).
(47)
In lowest order, where only quarks contribute to F1 and F2, one has F2 = 2xF1 so
that FL = 0. The first nonzero contribution to FL starts at O(αs) where, at small
x, there is a significant contribution from the subprocess γ∗g → qq¯, which again
imposes strong constraints on the gluon PDF at small x. At larger x values the
valence quark contributions increase, the gluon PDF decreases, and the subprocess
γ∗q → qg dominates. However, since the same combinations of quark distributions are
well determined from F2, where they enter with one power of αs less and the gluon does
not contribute, precision measurements of the longitudinal structure function provide
valuable information on the gluon PDF at large x [203].
Note also that the gluon PDF is accompanied by the same powers of αs in all DIS
structure functions, starting with αs g. This results in a correlation between the value of
αs obtained in global PDF analysis and the size and shape of the gluon distribution, with
larger αs leading to a smaller gluon PDF in the small-x region and (via the momentum
sum rule correlation) a larger gluon PDF at large x. This can be seen in Fig. 9, where
the JR09 [42] and ABM11 [40] analyses obtain αs values and small-x gluon PDFs of
similar size, while the MSTW08 fit [43] finds a larger αs value and a smaller gluon PDF
in this region (which even turns negative). Both possibilities describe well the inclusive
cross sections measurements at HERA.
This ambiguity can be reduced by using processes with a different leading αs power,
typically jet production at the Tevatron, which, as noted in Sec. 2.9.1, can provide
constraints on the gluon PDF. To understand this, recall that the calculation of the jet
cross section involves a sum over qq, qg and gg induced subprocesses where “q” stands for
any flavor of quark or antiquark. At low values of jet xT , the gg subprocesses dominate,
at intermediate values all three contribute, and eventually as xT approaches one only
the qq terms survive – see Fig. 3 in Ref. [121], for example. Jet data at the Tevatron
extend to xT values of approximately 0.5, so these data provide some constraints on
the gluon PDF, at least in the mid-x range where the qg subprocesses make substantial
contributions.
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As discussed in Ref. [129], isolated photon production at collider energies has
the potential to tighten the error bands in the x range below about 0.2. It remains
a challenge to find processes that will constrain the gluon beyond x ≈ 0.5. The
fundamental problem is that the valence PDFs here are larger than the gluon PDF. Most
hard processes that receive contributions from qg subprocesses also receive contributions
from qq processes, which reduce the sensitivity to the gluon PDF. One counterexample
is provided by direct photon production in pp collisions. The two dominant subprocesses
are initiated by qq¯ and qg initial states. At large values of xT the fragmentation process
is suppressed; it can be further reduced by photon isolation cuts. The single photon
cross section involves an integration over the awayside jet rapidity which tends to smear
out the x values of the contributing PDFs. There are regions where one x is small and
one is large — one might think that this could constrain the large-x gluon. However, the
favored configuration will be where the gluon or q¯ is at small values of x while the valence
quark is at the larger values. Instead, consider the photon + jet cross section with equal
and opposite photon and jet rapidities, in which case both momentum fractions will be
equal to xT cosh yγ using LO kinematics. Going to large values of xT and yγ = −yjet
would then yield information on the gluon at large x, since the q¯ contribution is much
smaller there than that of the gluon. This would also be the case for lepton pair [204]
and vector boson production in pp collisions, provided that one considers pT &MB/2 in
order for the parton momentum fraction to be large. The analysis in Ref. [205] suggests
that photon + jet data with increased statistics from the LHC may help constrain the
gluon and light quark PDFs.
Another source of information on the gluon PDF is top quark pair production, for
which the lowest order subprocess is gg → tt¯. In Ref. [206] the constraints on the gluon
PDF provided by tt¯ data from the Tevatron and LHC were examined, with the results
indicating that these data place strong constraints on the large-x gluon PDF. Also of
note is the analysis of ratios and double ratios of cross sections measured at different
LHC energies [207]. Such ratios have reduced systematic errors and have the potential
to provide strong constraints on large-x PDFs.
In addition to the issues discussed above, an obstacle for the determination of the
gluon distribution, and the highly correlated αs values from PDF analysis, is that the
calculations for the relevant processes are not available beyond NLO, with the important
exceptions of the (light quark contributions to the) inclusive DIS structure functions and
Drell-Yan cross sections. For example, the relative uncertainties of the JR09 gluon PDF
in Fig. 9 are below about 10% for x . 0.1, and increase as one proceeds to higher values
of x, where the constraints of the F2 structure function from fixed target experiments
used in that fit are weaker. The uncertainty at large x could in principle be reduced
by including jet data. However, this would also affect the central values obtained for
the gluon PDF, changing them in the relevant region by an amount proportional to
the missing NNLO corrections, which in the case of jet production are expected to
be large [208]. Global NNLO fits which include jet data, such as the MSTW08 [43]
parametrization in Fig. 9, generally find larger gluon PDFs in the high-x region and
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correspondingly also larger values of αs.
Yet another factor which can alter the PDFs and the value of αs obtained in a
particular analysis are the kinematic cuts applied; of particular relevance are the cuts
on the DIS structure function data and the related treatment of contributions beyond
leading twist [40, 122]. Although data selection (data sets and cuts) bring about certain
arbitrariness in global PDF analysis, it cannot account for all the existing differences
between the various PDF sets, which are also affected by theoretical issues such as
heavy quark schemes (Sec. 2.4) and the particular solutions of the RGE equations
used. Even within a given framework there are uncertainties due to the inability of
the estimation procedure to find the optimal solution, for example, shortcomings of the
parametrization to reproduce the optimal shape of the distributions, and the statistical
estimation procedure. These effects, referred in general as ‘procedural bias’, induce a
dependence of the results on the choice of the scale at which the input distributions are
parametrized, which in principle should not depend on these choices. For particularly
sensitive quantities such as the gluon distribution and αs, this uncertainty can be
comparable to the experimental uncertainty [122], as can be seen in Fig. 10.
 0.111
 0.112
 0.113
 0.114
 0.115
0.6 0.7 0.8 1 2 5 9
α s(
M Z2
)
Qo2(GeV2)
 NNLO13 NNLO17 NNLO20 NNLO22
Figure 10. Input scale dependence of αs(M
2
Z) values obtained for different
parametrizations in Ref. [122]. The band indicates the uncertainties due to propagation
of the experimental errors for a particular parametrization (NNLO20).
Another example of this is the differences between “standard” distributions,
generated from input PDFs at values for the input scale Q20 ≥ 1 GeV2, and the so–
called dynamical distributions [37, 38, 41, 209], for which input scale is chosen to be
Q20 < 1 GeV
2. At these low scales the input distributions naturally tend to valence–like
(positive definite) shapes [122] that vanish in the small–x limit, not only for valence
but also for the sea quark and gluon input densities. It was shown in Refs. [41, 209],
where also “standard” distributions were generated, that this implies that the dynamical
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distributions at small x are more restricted and have smaller uncertainties than their
standard counterparts. Furthermore, this procedure typically results in smaller αs values
and steeper gluons in the small–x region, although both approaches provide comparable
descriptions of data, in particular, of the inclusive DIS cross sections from HERA.
An alternative approach to fitting αs as part of the global fitting is to use the
world average value for αs(MZ), thereby avoiding the correlations during the fitting
process. Since αs is a parameter of the QCD Lagrangian, it should be the same for all
processes, not just those in the global fit. Of course, interesting information could be
obtained by determining the PDFs both with a fixed value of αs(MZ) and with a fitted
value. Comparing the results could indicate which processes in the global fit are chiefly
responsible for any differences.
3.7. Lattice PDF moments
The moments of leading twist PDFs can be evaluated from first principles using lattice
QCD. Within the operator product expansion, the moments of PDFs are related to
matrix elements of local operators between hadron states, which can be computed
numerically on the lattice. The lattice PDF moments can be related to the quark
and antiquark distributions in the nucleon as
〈xn〉q =
∫ 1
0
dx xn [q(x)− (−1)nq¯(x)], (48)
〈xn〉∆q =
∫ 1
0
dx xn [∆q(x) + (−1)n∆q¯(x)], (49)
for the unpolarized and helicity distributions (see Sec. 4), respectively. The lattice
moments alternate between the total (or C-even) q + q¯ and valence (C-odd) q − q¯
distributions, depending on whether n is even or odd. While reconstructing the x
dependence of the PDFs from a finite number of calculated moments is challenging
[210], comparison of the lattice moments with the phenomenological PDF moments can
provide important tests of lattice techniques and provide constraints on specific PDFs
which may be difficult to measure experimentally.
Because of the discretization of space-time on the lattice, the rotational symmetry
of the continuum is broken to the hyper-cubic subgroup, which introduces mixing with
lower dimensional operators under renormalization. As a result, only the lowest few
moments, corresponding to n ≤ 3, can at present be reliably computed. As well as the
usual approximations of working at a finite lattice spacing a, in a finite lattice volume
V , and at unphysically large values of the quark mass, simulations usually include
contributions only from “connected” diagrams, representing operator insertions on quark
lines connected to the source. Meaningful comparisons of lattice data can therefore
only be made with nonsinglet combinations, such as u − d, where the “disconnected”
contributions cancel.
Significant progress has been made in recent years in the computation of
matrix elements of twist-two operators on the lattice, using dynamical (unquenched)
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configurations and quark (or pion, by the Gell-Mann–Oaks–Renner relation) masses
approaching the physical limit. Unfortunately, the results for the lowest nontrivial
(n = 1) nonsinglet moment of the unpolarized distributions, 〈x〉u−d, lie systematically
in the range ≈ 0.23 − 0.25 at a scale µ2 = 4 GeV2, which is some 40% above the
phenomenological PDF moments of 〈x〉u−d ≈ 0.17 [2]. A smaller, but persistent 10%
overestimate of the lowest (n = 0) moment of the nonsinglet spin-dependent distribution,
〈1〉∆q = gA, has posed a serious challenge to lattice simulations [211, 212].
It has been suggested [213, 214, 215] that the discrepancy between the calculated
and experimental PDF moments could be resolved by the nontrivial chiral behavior
of the moments, when extrapolating the results from the lowest mpi values at which
lattice data exist to the physical mass. Verification of this behavior will require lattice
simulations at very small quark masses, as well as at large enough volumes to fully
include the physics of the pion cloud [216] (see also Sec. 3.2). While it may take some
time before the lattice parameters can become sufficiently close to those in the physical
realm, such comparisons will continue to reflect the important synergy between lattice
QCD and PDF phenomenology.
4. Spin-dependent parton distributions
Considerable progress has been made in understanding the spin structure of the nucleon
since the first precision polarized DIS experiments at CERN in the late 1980s [217]
indicated an anomalously small fraction of the proton spin carried by quarks. A rich
program of spin-dependent inclusive and semi-inclusive DIS, as well as polarized proton–
proton scattering experiments has followed, vastly improving our knowledge of spin-
dependent PDFs of the nucleon over the last two decades (for a recent review, see
Ref. [8] and references therein).
While the spin-dependent data have not been as abundant as those available for
constraining spin-averaged PDFs, the existing empirical information from polarized
lepton and hadron facilities at CERN [217, 218, 219, 220, 221, 222], SLAC [223, 224, 225,
226, 227, 228], DESY [229, 230, 231, 232, 233], Jefferson Lab [234, 235, 236, 237, 238] and
RHIC [239, 240, 241, 242, 243, 244] has enabled several dedicated global QCD analyses of
spin-dependent parton distributions to be performed. These include the NLO analyses
from the more established DSSV [245] group, the European-based LSS [75] and BB [76]
groups, as well as the Japanese Asymmetry Analysis Collaboration (AAC) [246], using
the standard global fitting methodology outlined in Sec. 2. More recent efforts have
been made by the NNPDF Collaboration [247], extending the neural network approach
to the polarized sector, and the Jefferson Lab Angular Momentum (JAM) Collaboration
[79], which has focused on utilizing data over a large kinematic range that includes the
large-x and low-Q2 regions, with a simultaneous fit of unpolarized PDFs.
Representative examples of the spin-dependent PDFs are shown in Fig. 11,
illustrating the total (or C-even) ∆u+ and ∆d+ PDFs, as well as the sea quark ∆u¯,
∆d¯ and ∆s¯ and polarized gluon ∆g distributions, for the DSSV09 [245], LSS10 [75],
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Figure 11. Comparison of the spin-dependent PDFs for the total x∆u+ = x(∆u+∆u¯)
and x∆d+ = x(∆d+∆d¯), the antiquark x∆u¯, x∆d¯ and x∆s¯, and polarized gluon x∆g
distributions at Q2 = 1 GeV2, for the DSSV09 [245], LSS10 [75], BB10 [76], AAC09
[246], and JAM13 [79] PDF sets.
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BB10 [76], AAC09 [246], and JAM13 [79] PDF sets at Q2 = 1 GeV2. The BB10 [76]
and JAM13 [79] analyses are based on inclusive DIS data only, while the LSS10 [75] fit
includes also semi-inclusive DIS data. The DSSV09 PDFs are constrained in addition
by polarized pp scattering data. The latest AAC analysis [246] is based on inclusive DIS
data and a K-factor approximation for the NLO corrections for the pp data.
As for the unpolarized case in Fig. 2, the ∆u+ distribution is the best constrained
polarized PDF, mostly by measurements of the proton g1 structure function over
a relatively broad range of x. The corresponding ∆d+ distribution, which has the
opposite sign, is smaller in magnitude compared with the ∆u+ with somewhat larger
uncertainties, especially at larger x values. The uncertainty band for the DSSV09
parametrization of ∆u+ and ∆d+ is smaller than the variation between the different
PDF sets, which reflects the fact that the systematic uncertainties associated with the
choice of data sets and parametrization assumptions, as well as other theoretical inputs,
are currently larger than the experimental errors.
The polarization of the sea is considerably smaller, and more strongly dependent
upon assumptions about the flavor dependence in the analysis of semi-inclusive DIS
data. At present there is no conclusive experimental evidence of a nonzero light quark
sea, ∆u¯ and ∆d¯, although there is a slight trend towards a more negatively polarized d¯
distribution than u¯, with a positive ∆u¯−∆d¯. The polarization of the strange sea is also
very small, in contrast to suggestions from the early spin-dependent DIS data analyses
of a large negative ∆s¯. The polarized gluon distribution is essentially unconstrained
by existing inclusive and semi-inclusive DIS data, and almost all information on ∆g
comes from measurements of cc¯ production in semi-inclusive DIS [248], and inclusive
pion and jet production in polarized pp scattering [239, 240, 241, 243, 244]. The data are
consistent with a small value of ∆g/g, consistent with zero, although new measurements
from RHIC have the promise of resolving a small nonzero distribution.
4.1. Polarized valence quarks at large x
At large values of x, the spin-dependent PDFs are even more sensitive to the quark-gluon
dynamics responsible for spin-flavor symmetry breaking than the spin-averaged valence
quark PDFs discussed in Sec. 3.1. However, while considerable progress has been made
in determining spin-dependent PDFs over the last two decades, especially in the small-x
region, relatively little attention has been paid to structure function measurements at
large x.
The dearth of data in the valence region is especially striking for the neutron,
where, with the exception of several data points from Jefferson Lab Hall A [234] for the
polarization asymmetry An1 extending to x ≈ 0.6, there are essentially no constraints
for x & 0.4. On the other hand, there are a number of predictions for the behavior of
polarized PDFs and ratios of polarized to unpolarized PDFs in the limit as x→ 1 that
differ even in sign.
At large x there are dramatically different predictions for the valence ∆u and
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∆d distributions from nonperturbative and perturbative calculations. In the simple
SU(6) spin-flavor symmetric quark model, the equal probabilities of the spin-0 and
spin-1 spectator diquark configurations lead to the simple relation ∆d/∆u = −4, and
corresponding polarized to unpolarized ratios ∆u/u = 2/3 and ∆d/d = −1/3. In this
limit the polarization asymmetry of the proton, which at LO can be written
Ap1 ≈
4∆u+ + ∆d+
4u+ + d+
, (50)
is predicted to be Ap1 = 5/9, while that of the neutron,
An1 ≈
∆u+ + 4∆d+
u+ + 4d+
, (51)
would vanish, An1 = 0.
While spin-flavor symmetry is of course broken in nature (in some cases badly),
with the unpolarized d quark distribution significantly softer than the u, for example,
the details of this breaking can affect the spin-dependent PDFs in strikingly different
ways. The mechanism of spin-1 diquark suppression, which leads to the vanishing of
the d/u ratio as x→ 1, also predicts that ∆u/u→ 1 in this limit, while ∆d/d remains
unchanged from the SU(6) expectation.
Arguments based on helicity conservation in perturbative QCD, on the other hand,
predict that for valence quarks in the ground state of the nucleon the scattering at
large x is predominantly from configurations in which the quark is coupled to a diquark
of zero helicity [136]. In this case the PDFs associated with a quark polarized in the
same direction as the nucleon are favored over the helicity-antialigned configurations,
q↑(x)  q↓(x) as x → 1. This model leads to the expectation that ∆u/u → 1 and
∆d/d → 1 in the x → 1 limit, and consequently a rapid approach to unity of both the
proton and neutron A1 asymmetries.
An additional feature of the helicity conservation model is that it correlates the
x → 1 behavior of the PDFs with the large-Q2 behavior of elastic form factors
[137, 138, 139], which can be measured in elastic lepton–nucleon scattering experiments
at Jefferson Lab and elsewhere [249]. This is also closely related to the notion of quark-
hadron duality, which connects averages over structure functions in the resonance region
at low W with those extrapolated from the deep-inelastic continuum at higher W (lower
x) [48, 250, 251]. Since the existing DIS data are for the most part consistent with a
vanishingly small neutron asymmetry at x . 0.5, a very dramatic change in An1 would
be expected at larger x. An even more rapid transition at high x may occur if quark
orbital angular momentum plays an important role in nucleon structure [252].
Experimentally, the extraction of leading twist spin-dependent PDFs at high x
faces similar challenges to those discussed in Sec. 3.1 for the unpolarized distributions.
In particular, information on the structure of the neutron is typically obtained
from experiments involving polarized deuterium or 3He nuclei, requiring the nuclear
corrections to be understood. Analysis of high-x data also necessitates careful treatment
of finite-Q2 corrections such as target mass and higher twist contributions. The effects
of these corrections are illustrated in Fig. 12, which shows the total ∆u+ and ∆d+ PDFs
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Figure 12. (Left) Polarized x∆u+ and x∆d+ distributions and their uncertainties for
the JAM13 PDF set [79] atQ2 = 1 GeV2, illustrating the effects of the nuclear smearing
(green dotted), target mass (blue dashed) and higher twist (red solid) corrections,
relative to the reference fit (yellow dot-dashed). Note that the yellow and green
bands overlap for x∆u+ and the green and blue bands overlap for x∆d+. (Right)
Corresponding ratios of polarized to unpolarized ∆u+/u+ and ∆d+/d+ distributions.
from the JAM13 analysis [79] for various fits with or without the finite-Q2 and nuclear
corrections. At small values of x their effects are negligible; however, at x & 0.3 they can
give up ∼ 20% corrections for ∆u+ and more ∼ 50% corrections for ∆d+ (the relative
correction can be even larger at x & 0.8, although the PDFs are not constrained in this
region).
The same effects are more clearly illustrated through the polarization ratios
∆u+/u+ and ∆d+/d+ in Fig. 12, where the unpolarized distributions are fitted
simultaneously within the same analysis as the polarized [79]. This in principle
eliminates any bias arising from the use of spin-averaged PDFs taken from analyses
performed under different sets of assumptions. In the intermediate-x region the ratios
for both u and d quarks are generally consistent with the symmetric quark model
expectations, with the ∆u+/u+ increasing towards unity at larger x. The ∆d+/d+
ratio, on the other hand, remains negative for all x where it is constrained, and shows
no indication of the upturn predicted by the helicity conservation models. The nuclear
and finite-Q2 effects can significantly impact the limiting behavior as x→ 1, and clearly
additional data are needed in order to constrain their x dependence at high x. A
dedicated program of large-x structure function measurements is planned at the 12 GeV
energy upgraded Jefferson Lab facility [110, 111, 112]. More complete information on
spin-dependent PDFs will also be available once the g2 structure function of the nucleon
is measured more accurately [253]. This will provide additional information on possible
higher twist corrections that enter in the extraction of leading twist PDFs from DIS
polarization asymmetries.
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Figure 13. (Left) Flavor asymmetry of the polarized sea, x(∆u¯ − ∆d¯), from
the COMPASS semi-inclusive DIS measurement at Q2 = 3 GeV2 [222], compared
with several parametrizations and model calculations, and the unpolarized x(d¯ − u¯)
asymmetry (solid curve). (Figure from Ref. [222].) (Right) Single polarization
asymmetry AL for inclusive W
± production in ~p p scattering from the STAR
experiment at RHIC, at central electron pseudorapidity ηe = 0. (Figure from Ref. [242].
Copyright (2011) by the American Physical Society.)
4.2. Polarized sea quarks
As for the unpolarized inclusive charged lepton DIS measurements, inclusive g1 structure
function experiments measure C-even combinations of PDFs, ∆q+. The individual
quark and antiquark distributions can be separated with the help of semi-inclusive
charged lepton scattering data, with coincident measurement of fast pions or kaons
in the final state. Typically such experiments measure the semi-inclusive polarization
asymmetry, which at LO can be written
Ah1(x, z,Q
2) =
∑
q e
2
q ∆q(x,Q
2)Dhq (z,Q
2)∑
q e
2
q q(x,Q
2)Dhq (z,Q
2)
, (52)
where Dhq (z,Q
2) is the fragmentation function for the scattered quark or antiquark to
produce a hadron h (h = pi,K) in the current fragmentation region with a fraction
z = Eh/ν. For large z, the produced hadron has a high probability of containing the
scattered parton, hence providing a tag on the initial state distribution of quarks and
antiquarks. The fragmentation functions Dhq are extracted from independent fits to
single hadron production cross sections in e+e−, pp and other reactions.
The program of semi-inclusive DIS measurements from proton and deuteron targets
at HERMES [232], COMPASS [222], and earlier SMC [221], have produced intriguing
glimpses into the flavor content of the polarized sea. The extracted sea quark and
antiquark asymmetries are generally rather small, and consistent with zero within the
current uncertainties. For the light quark polarized sea, there is a slight trend towards
a positive ∆u¯ (with an x-integrated value of +0.02 ± 0.02 (stat.) ± 0.01 (syst.) from
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the latest COMPASS data [222]) and a negative ∆d¯ (with an x-integrated value of
−0.05 ± 0.03 (stat.) ± 0.02 (syst.)), so that the difference ∆u¯ − ∆d¯ is slightly positive,
at the 1.5σ level [222], as Fig. 13 indicates. This is in contrast to the large negative
values of the unpolarized u¯− d¯ asymmetry (see Sec. 3.2), which would disfavor models
such as the chiral quark soliton model in the large-Nc limit [254, 255] that predict large
∆u¯−∆d¯ d¯− u¯. Very small antiquark spin asymmetries would be expected in models
based on the pion cloud of the nucleon, such as those discussed in Sec. 3.2. One should
caution, however, that the experimental distributions in Fig. 13 were extracted assuming
LO expressions for the semi-inclusive asymmetries, which, strictly speaking, cannot be
directly compared with NLO PDFs [245]. The comparison should therefore be viewed
as a qualitative one, although the general indication of a small polarized non-strange
sea is unlikely to be qualitatively modified in an NLO treatment.
The semi-inclusive DIS measurements are also consistent with a very small strange
quark polarization, ∆s. The HERMES data [233] give a slightly positive value when
integrated between x = 0.02 and 0.6, while the COMPASS data [222] are consistent with
zero. This is in contrast with the analysis of inclusive DIS data on protons, deuteron and
3He, which suggests a small negative value. The extractions of ∆s from the inclusive
and semi-inlcusive data are somewhat dependent on the assumptions of SU(3) flavor
symmetry for the axial charges of hyperons, and on the specific fragmentation functions
used in the semi-inclusive analysis. Future measurements of kaon fragmentation
functions DKq should improve the accuracy of the flavor decomposition of the proton’s
helicity distributions.
A complementary method, discussed by Bourrely and Soffer [256], of constraining
the ∆u¯ and ∆d¯ distributions, which does not depend on knowledge of fragmentation
functions, is through longitudinal polarization asymmetries in inclusive W± boson
production from pp scattering with one proton polarized and the other unpolarized,
~p p → W±X → e±X. The asymmetry for W− production, for example, can then be
written at LO as [257]
AW
−
L =
∆u¯(xa) d(xb)(1− cos θ)2 −∆d(xa) u¯(xb)(1 + cos θ)2
u¯(xa) d(xb)(1− cos θ)2 + d(xa) u¯(xb)(1 + cos θ)2 , (53)
where θ is the scattering angle of the electron in the partonic center-of-mass frame, while
the corresponding W+ asymmetry at LO is
AW
+
L =
∆d¯(xa)u(xb)(1 + cos θ)
2 −∆u(xa) d¯(xb)(1− cos θ)2
d¯(xa)u(xb)(1 + cos θ)2 + u(xa) d¯(xb)(1− cos θ)2
. (54)
At large negative rapidity, where xa  xb, the W− asymmetry then directly probes
the ∆u¯ PDF, AW
−
L ∼ ∆u¯(xa)/u¯(xa), while at large positive rapidity one has xa  xb,
and the asymmetry is sensitive to the ∆d PDF at large x, AW
−
L ∼ −∆d(xa)/d(xa). For
W+ production, the term proportional to ∆d¯(xa) will be similarly enhanced at small
xa  xb; however, the angular factor will produce a suppression of this contribution at
backward angles relative to the ∆u(xa) term, so that both terms will give competing
contributions.
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Figure 14. (Left) Gluon polarization ratio ∆g/g values extracted at LO from
charm and high-pT hadron production data from COMPASS, SMC and HERMES.
(Figure from Ref. [248]. Copyright (2013) by the American Physical Society.) (Right)
Longitudinal double-spin asymmetry ALL for inclusive jet production, as a function of
the jet transverse momentum, in polarized ~p ~p scattering from the STAR experiment
at RHIC [243], compared with calculations based on several PDF parametrizations.
(Figure from Ref. [244].)
The first data from the STAR experiment (Run 9) at RHIC [242] are shown in
Fig. 13 for zero electron rapidity, and are generally in agreement with NLO calculations
using existing PDF parametrizations. Data from Run 12 at RHIC have subsequently
been taken at both forward and backward rapidities [258], and will provide important
constraints on the antiquark polarization.
4.3. Gluon helicity
Information on the polarized gluon distribution ∆g can be obtained in several
complementary ways. Firstly, from the Q2 evolution equations, the evolution of the
quark singlet contribution to the g1 structure function mixes with the gluon contribution,
so that in principle the study of scaling violations in g1 can constrain ∆g. In practice,
however, the Q2 range and precision of the available inclusive DIS data are not sufficient
to provide meaningful constraints, and DIS-only fits of spin-dependent PDFs effectively
leave ∆g undetermined.
More direct information on gluon polarization has come from the production of
charm mesons and high-pT hadrons in semi-inclusive DIS, through the process of photon–
gluon fusion (see Sec. 3.5). Data on hadron production from HERMES, SMC and
COMPASS, and open charm data from COMPASS have been analyzed over a range
of x values, averaging from 〈x〉 = 0.07 to ≈ 0.2, and Q2 between ≈ 1 GeV2 and
13 GeV2. Most of the analyses have been performed at LO, finding values of ∆g/g
consistent with zero, albeit with large uncertainties, as illustrated in Fig. 14. The
recent COMPASS experiment [248] was the first to be analyzed at NLO, yielding
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∆g/g = −0.13 ± 0.15 (stat.) ± 0.15 (syst.) over the range 0.12 < x < 0.33 with an
average 〈x〉 ≈ 0.2.
An alternative reaction that can be used to constrain ∆g is the inclusive production
of jets or neutral pions in polarized proton–proton scattering. The longitudinal double-
spin asymmetry for this process,
ALL =
σ++ − σ+−
σ++ + σ+−
, (55)
where σ++(σ+−) is the differential cross section for longitudinally polarized protons with
equal (opposite) helicities, is then sensitive to the polarized quark–gluon scattering cross
section at the parton level. Following an early measurement of ALL for multi-γ pairs
from two-jet type events by the Fermilab E581/704 Collaboration [239], which found a
small ∆g/g at 0.05 . x . 0.35, most of the experimental effort at measuring ∆g in pp
scattering has been by the PHENIX and STAR Collaborations at RHIC.
The STAR experiment measures inclusive jet production in ~p ~p → jet + X at an
invariant center of mass energy
√
s = 200 GeV. The ALL data from the 2006 and 2009
runs [243, 244] shown in Fig. 14 provide the clearest evidence to date for a small but
nonzero ∆g. A nonzero asymmetry is also observed by STAR in preliminary data on
dijet events at mid-rapidity [259], which may provide even better constraints on the
shape of ∆g.
The PHENIX data on inclusive neutral pion production, ~p ~p→ pi0+X, from 2005 to
2009 suggest a very small asymmetry up to pT ≈ 10 GeV [240, 241]. Taken together, the
inclusive RHIC data from several different channels suggest a small but non-vanishing
gluon polarization in the proton. Though not as large as had been proposed in some
early explanations of the small contribution of quarks to the proton spin, the precise
role played by ∆g in the proton spin budget will be intriguing to understand from future
measurements.
5. Outlook
In this topical review we have presented a summary of the current knowledge of spin-
averaged and (longitudinal) spin-dependent PDFs. While great progress has been made
in recent years, there are still regions of Bjorken-x where the PDF uncertainty bands
are uncomfortably large. This is primarily due to either lack of data in kinematic
regions that would otherwise provide constraints on the PDFs, or to the particular PDF
being smaller in that region than those of other flavors, or both. One might naively
conclude that if existing data do not constrain particular PDFs in certain domains,
then it may not be too important to seek ways to constrain them there. However, this
viewpoint overlooks two important points: (i) there is intrinsic interest in the behavior
of the different PDFs and relations to the properties of the parent hadrons, and (ii) it
is possible that new phenomena may occur in extended kinematic regions which would
require precise knowledge of the PDFs there.
53
As an example, suppose one were searching for a massive state produced at large
rapidity in hadron–hadron collisions. This would typically require one parton to have a
large value of x and the other a small value. The errors at large x may well dominate
the uncertainty in the resulting prediction. The key here is to measure Standard Model
processes in expanded kinematic regions and include these processes in the global fits.
The resulting reduction in the errors can then be used to improve searches for new
phenomena in these regions. Moreover, if one reduces the errors at large values of x,
this will necessarily lead to reductions in the errors at intermediate x.
Since deuterium targets in DIS are a prime source of information on the d quark
PDF at large values of x, nuclear corrections are a significant source of uncertainty in its
determination. Several planned experiments at the 12 GeV energy upgraded Jefferson
Lab [144, 143, 145] will use techniques that reduce the effects of nuclear corrections on
the extraction of d/u at large x. Constraints on the d/u ratio in the proton can also be
obtained, free of nuclear effects, through the measurement of W± charge asymmetries
in pp collisions at very high rapidity [100], although this would require reconstruction of
the W± distributions themselves from the decay lepton distributions and, unlike in pp¯
collisions at the Tevatron, would require precise knowledge of the u¯ and d¯ distributions
[124].
Another important area of investigation is the flavor separation of the PDFs. For
example, currently our knowledge of the s and s¯ PDFs comes primarily from one
neutrino experiment which used an iron target [102], thus requiring the use of model-
dependent nuclear corrections. Other sources, for example weak vector boson production
at the LHC [125], can provide additional constraints, especially as the statistics of the
measurements improve. In a complementary effort, the HERMES Collaboration has
measured [233] K± production in semi-inclusive DIS and used these data to place
constraints on the strange quark PDF. While an interesting analysis, it does depend
on knowledge of the K± fragmentation functions, and a recent, more complete analysis
[260] of the HERMES data suggests a somewhat smaller s PDF than that extracted
in Ref. [233]. Better knowledge of the fragmentation functions would clearly help in
the interpretation of the semi-inclusive DIS measurements. Ideally, a high statistics
neutrino experiment on hydrogen could further provide knowledge of both the s and s¯
PDFs through the measurement of charm production (using the νs→ µ−c and ν¯s¯→ µ+c¯
subprocesses) without having to make model-dependent nuclear corrections. Note that
such an experiment could also yield information on the d/u ratio at high values of x.
Information on the SU(2) flavor asymmetry of the proton sea will be provided by
Experiment E906/SeaQuest [166] at Fermilab, which is currently taking data on muon
pair production using a 120 GeV proton beam on a variety of targets. It is designed
to improve our knowledge of d¯ − u¯ over the x range out to x ∼ 0.45, whereas the
currently available data run out of statistics at x ≈ 0.3. The experiment will further
enable a study of the effects of nuclear binding on the sea quark PDFs. There is also
the possibility of follow-on measurements of lepton pair production at the Nuclear and
Particle Physics facility at J-PARC [167, 168] in Japan.
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The question of charge symmetry violation in PDFs can be addressed in future
through study of Drell-Yan lepton pair production in pi± scattering from the deuteron,
which could be measured at the Fermilab Main Injector or with the COMPASS
experiment at CERN [172], or via measurement of pi+/pi− electroproduction ratios in
semi-inclusive DIS from isoscalar targets [261]. Another avenue to explore will be parity-
violating DIS on a deuterium target [262, 263], for which the parity-violating asymmetry
arising from γ − Z interference is expected to be independent of hadronic structure at
large x in the absence of CSV effects [65, 264, 265, 266]. Beyond searches for CSV
effects, a program of parity-violating DIS studies at the 12 GeV Jefferson Lab [145]
could open up a new window on the vector F γZ1,2 interference structure functions, as well
as provide glimpses into the parity-odd F γZ3 structure function.
For heavier quarks, the issue of intrinsic charm will require measuring the charm
structure function at large values of x, which may be possible at a future Electron-Ion
Collider facility [113]. The semi-inclusive production of prompt photons and charmed
jets in pp collisions at the LHC, pp → γ cX, may produce an enhancement at large
transverse momenta from intrinsic charm [267].
Measurements of jet, dijet, isolated γ, and γ + jet production at the LHC will all
play a role in helping to further constrain the gluon PDF. Of particular interest would
be γ + jet production where both the γ and the jet have equal and opposite large
rapidities. The dominant qg → γq subprocess would thus require both a high-x gluon
and a high-x quark. Furthermore, continued progress on resummation, especially for the
fragmentation contribution at fixed target energies may provide additional information
on the gluon at high values of x.
In the polarized sector, several experiments planned at Jefferson Lab will
measure the longitudinal polarization asymmetries for hydrogen, deuterium and 3He to
unprecedented large values of x [110, 111, 112]. These will constrain the spin-dependent
valence quark PDFs, especially the ∆d distribution, to values of x ∼ 0.8. This should
help answer long-standing questions about the behavior of the ∆q/q ratios as x → 1,
and reveal insights into the role of quark orbital angular momentum in the nucleon.
The flavor asymmetry of the polarized light quark sea, ∆u¯ − ∆d¯, will be
further probed via W boson production in polarized pp scattering at RHIC at√
s = 510 GeV. Both the STAR and PHENIX experiments anticipate significantly
improved statistics and kinematic coverage in their 2012 and 2013 runs [258]. The
strange quark polarization, despite appearing to be smaller than initially surmised from
early polarized DIS experiments, is neverthess important to pin down, as it allows a
portal to nonperturbative QCD effects in the nucleon. Improved constraints on kaon
fragmentation functions should lead to more reliable determinations of ∆s in semi-
inclusive DIS.
Finally, the polarized gluon distribution is being actively investigated in semi-
inclusive deep-inelastic hadron production at COMPASS, and through double-spin
asymmetries for pion and jet production in polarized pp collisions at RHIC. Preliminary
results from STAR on jet and dijet cross sections hint at nonzero values for ∆g, which
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will need to be confirmed by further measurements at small x. Access to ∆g below
x ∼ 0.05 will be possible with future running at √s = 500 GeV and at large forward
rapidity [258], although reaching values down to x ∼ 10−4 will only be possible with an
Electron-Ion Collider [113].
On the theory front, continued progress on NNLO calculations will eventually
result in global fits where all the processes are treated consistently at NNLO, for both
unpolarized and polarized observables. The increased precision and decreased scale
dependence will help to reduce the uncertainty bands on the PDFs. The parametrization
dependence of global fits will continue to be explored, allowing for greater flexibility and
reducing bias introduced with the use of specific forms, such as for the d/u ratio at large
x. Improvements in electroweak radiative corrections are being sought, incorporating,
for example, PDFs of a photon withO(α)Q2 evolution. Progress on computing moments
of PDFs in lattice QCD is also anticipated, with more reliable simulations performed
on larger lattice volumes and at quark masses near the physical limit. A new approach
[268] to calculating the x dependence of the PDFs directly in the infinite momentum
frame may provide complementary constraints on PDFs that are difficult to access
experimentally.
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